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ABSTRACT
ELECTROSPINNING FIBERS VIA COMPLEX COACERVATION
FEBRUARY 2021
XIANGXI (ZOEY) MENG
B.S., CHEMICAL ENGINEERING, DREXEL UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Co-advised by Professor Jessica D. Schiffman and Professor Sarah L. Perry
Electrospun fibers are high-surface-area materials widely used in applications ranging from
batteries to wound dressings. Typically, an electrospinning precursor solution is prepared by
dissolving a high-molecular-weight polymer in an organic solvent to form a sufficiently entangled
solution. Our approach bypasses the requirement for entanglements and completely avoids toxic
chemicals by focusing on using an aqueous complex coacervate solution. Coacervates are a
dense, polymer-rich liquid phase resulting from the associative electrostatic complexation of
oppositely-charged macroions.
We were the first to demonstrate that liquid complex coacervates could be
successfully electrospun into polyelectrolyte complex (PEC) fibers. A canonical coacervate
system

was

formed

with

poly(4-styrene

sulfonic

acid,

sodium

salt)

and

poly(diallyldimethylammonium chloride). Characterization of the binodal phase behavior
demonstrated the thermodynamic linkage of the polymer and salt concentrations (CP and
CS): greater CP indirectly controlled by decreasing CS. Our results showed that electrospun
fibers had smaller and more uniform diameters with increasing applied voltage, separation
distance, and CP. The resulting fibers were ultra-stable to heat and organic solvents
because of the strong electrostatic attraction between polymers. Coacervates have the
potential to be developed into an environmentally benign electrospinning precursor platform.
Having demonstrated coacervate electrospinnability, we hypothesized that the
associative interactions that drive coacervation can also enable electrospinning. Therefore,
we synthesized a set of backbone-matched methacroloyl polymers of different chain lengths
and formed coacervates. Amazingly, all the coacervates were successfully electrospun into
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continuous fibers, including an oligomeric Nanion/Ncation 6/9 coacervate system where no
physical chain entanglements were possible. After correlating the spinnability of
coacervates with their rheological behavior, we found out that spinnable coacervates had
prolonged relaxation behaviors due to interpolymeric electrostatic interactions. The ability
to electrospin oligomeric coacervates have significant impacts on decoupling polymer chain
length from electrospinnability, thus enabling fiber formation from chemical species that
were previously considered non-spinnable.
Knowing the long history of applications where complex coacervates were used for
encapsulation, we also investigated the ability to electrospin cargo-loaded PEC fibers via
coacervation. We used a family of six fluorescent dyes with systematic structural differences
as model drugs. All dyes preferentially partitioned into the coacervate phase, allowing the
subsequent electrospinning of highly-loaded fibers. Dyes that were electrostatically
attracted to PSS and undergo π-π interactions partitioned more favorably into the
coacervate phase, slowed the release from within PEC fibers when exposed to aqueous
solutions, as well as exhibited enhanced uptake by fibers. These findings show the potential
to use the PEC fibers in applications related to biomedicine, energy, and separations, where
controlling the uptake and release of cargo into sponge-like mats is needed.
In summary, this dissertation demonstrated the first electrospinning of aqueous
complex coacervates into PEC fiber mats, identified that the spinning mechanism was
electrostatic interactions as an alternative to physical entanglements, and studied the
associated dye encapsulation and release properties of the mats to enable their use across
a range of applications.
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Figure 21. Chemical structures of (a) brilliant blue G (BBG), (b) fast green FCF (FG), (c)
fluorescein sodium salt (FS), (d) rhodamine 123 (R123), (e) rhodamine 6G (R6G), and (f)
rhodamine B (RB). Charges are labeled based on the ionized form of the dyes in a pH =
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encapsulation efficiency, and (e) the partition coefficient (dye concentration ration in
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All samples were prepared with 0.5 M total PSS/PDADMAC, on a monomer basis in 1.6 M
KBr. An asterisk (*) denotes p<0.05 between BBG and FG samples and error bars denote
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the coacervate, (e) encapsulation efficiency, and (f) the partition coefficient
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PSS/PDADMAC, on a monomer basis, in 1.5 M total KBr. An asterisk (*) denotes p<0.05
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Figure 27. Plots of (a) dye concentration in the coacervate, (b) encapsulation efficiency,
and (c) the partition coefficient (coacervate/supernatant), and (d) the volume fraction of
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of dye compared to that of the dye-free coacervate as a function of the as-prepared KBr
concentration. (f) The number of PSS and PDADMAC monomers per dye present in the
coacervate. All samples were prepared with 5 mM total dye concentration in 0.5M
PSS/PDADMAC, on a monomer basis. An asterisk (*) denotes p<0.05 between samples
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PSS/PDADMAC, on a monomer basis, in 1.5 M KBr. Electrospinning conditions were 1
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dye-free PSS/PDADMAC PEC fibers (left), BBG- (middle), and FG-containing PEC fibers
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Figure 31. (a) SEM micrographs and (b) fiber diameter distributions of dye-free, BBG- and
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CHAPTER 1
INTRODUCTION
1.1 Electrospinning and Electrospun Nanofibers
Electrospinning is a convenient and well-established technique to make non-woven micro- to
nanofibers that have a large surface-to-volume ratio.1-4 Electrospun fibers are great candidates to
be used in drug delivery5-12 and tissue engineering,13-16 as well as nanofiltration membranes,17-19
for environmental remediation,20,21 and battery applications.22,23 Although nanofibers can be
produced using different methods, such as drawing, self-assembly, template synthesis, and phaseseparation, electrospinning is the most effective technique to make fibers with small diameters and
can be conveniently set up for use in both laboratory and large scale manufacturing.1,24-29
Electrospinning also enables the formation of fibers with various morphologies, such as cylindrical,
core-shell, ribbon, and beads-on-a-string from over 100 different polymers.24
Although the use of the electrospinning technique has started to be popular and attract a lot of
research interested attention since the 1990s, the history of studying the effect of a liquid under the
electrostatic attraction goes back to the 16th century by William Gilbert.30 Between 1931 and 1944,
Anton Formhals was granted numerous patents on electrospinning.31 In the 1960s, Sir Geoffrey
Ingram Taylor developed a mathematical model of the deformation of a liquid droplet in an electric
field, namely the “Taylor Cone”.32,33 In the 1990s, several research groups matured the
electrospinning technique and began to produce functional electrospun nanofibers from polymeric
precursor solutions.25,34-38
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Figure 1. A schematic of an electrospinning apparatus with polymer solution contained in a syringe
and advanced through a spinneret, a collector, and a high voltage supply which connects both the
spinneret and the collector.39 Adapted with permission from Meng, X.; Perry, S. L.; Schiffman J. D.
Complex Coacervation: Chemically Stable Fibers Electrospun from Aqueous Polyelectrolyte
Solutions. ACS Macro Letters, 2017, 6, 505-511. Copyright 2017 American Chemical Society.
Electrospinning uses electric forces to form fibers, and consists of a spinneret, a target plate,
and a high voltage unit which connects the spinneret and the target (Figure 1).1,4,34,40,41 During
electrospinning, polymer solution is continuously flowed to the tip of the spinneret to form a droplet.
The presence of the electric field deforms the droplet into a Taylor cone,32,33 from which a fiber jet
is formed and whipped and bent intensely due to the Rayleigh instability before being collected on
the target. During the fiber travel, the diameter of the fiber jet decreases as solvent
evaporates.1,4,25,34,38 The fine and dry fibers are randomly accumulated on the collector. The
diameter of the electrospun fibers is usually in the nanometer to micrometer scale diameter range.
Apparatus parameters that have strong effects on the fiber diameter are the radius of the spinneret,
applied voltage, the separation between spinneret and the collector, initial elongational viscosity,
and the polymer relaxation time.42-45
Conventional electrospinning requires dissolving polymers in an organic solvent mixture to form
a precursor solution, and crosslinkers are commonly used to enhance the chemical stability of the
as-spun fiber mat.46-52 Eliminating toxic chemicals involved in the electrospinning process is a key
challenge and requires green polymer strategies to develop environmentally benign fibers. For
example, in benign environments where toxicity should be strictly controlled, such as an open
wound, electrospun fibers made from toxic solvents could raise serious health concerns.12 More
importantly, toxicity is a concern when nanofibers are being used as cargo carriers for therapeutic
purposes that involve sensitive materials, such as peptides, DNA, and therapeutic drugs.53-55
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However, there are only a few polymers which are soluble in water to meet the need of green
processing, for example, poly(vinyl alcohol) (PVA), poly(ethylene oxide) (PEO), and a wide range
of charged polymers, i.e., polyelectrolytes. Therefore, an urgent need arises for a green strategy to
electrospin fibers.
1.2 The Chain Entanglements and Viscosity in Electrospinning Polymer Solutions
The hydrodynamic and surface tension forces involved in electrospinning would generally be
expected to drive the formation of droplets, rather than a continuous liquid jet in the electric field.
This challenge has traditionally been overcome by using physically entangled polymers in the
spinning solution, indicating that a minimal polymer concertation (CP) is required to make
continuous electrospun fibers.7,44,53,56-65 As the CP increases in a solution, polymers start to overlap
at a critical overlap concentration (C*) and entangle at the critical entanglement concentration (Ce,
~10×C*).61,64,66 The presence of sufficient chain entanglements slows chain rearrangement and
suppress capillary instabilities. Experiments have suggested that polymer solutions should have at
least 2.5× entanglement concentration (Ce) per chain to form continuous fibers, while entangled
solutions at lower concentrations would result in fibers with a “beads-on-string” morphology.12,5760,63-65,67

Classical polymer physics predicts that there is a minimum chain length (N) needed for

neutral polymer systems to entangle and electrospin into fibers, and that polymers with greater
molecular weights can overlap and entangle at a lower polymer wt%. For polymers in a good
solvent, Ce can be estimated by:64
𝐶𝐶𝑒𝑒 ≈ 10 × 𝐶𝐶 ∗ ~𝑁𝑁 −0.764

Equation 1

Based on this scaling theory, the polymer overlap concentration (C*) depends on the molecular
weight of polymer with a power of -0.764 (Equation 1).64 According to this relationship, relatively
long polymer chains must be used to achieve entanglement at experimentally accessible solution
concentrations.12,58,59,68 For example, the minimal molecular weight (MW) for a spinnable PVA is 2
kg/mol.68,69
The key parameter to determine the entanglement status of a polymeric solution is viscosity.
The dimensionless specific viscosity (𝜂𝜂𝑠𝑠𝑠𝑠 ) has been commonly used to generalize the behavior of
3

different polymers and is defined in Equation 2, where 𝜂𝜂0 represents the zero-shear viscosity of

the polymer solution and 𝜂𝜂𝑠𝑠 represent the solvent viscosity.
𝜂𝜂𝑠𝑠𝑠𝑠 = (𝜂𝜂0 − 𝜂𝜂𝑠𝑠 )/𝜂𝜂𝑠𝑠

Equation 2

The scaling of 𝜂𝜂𝑠𝑠𝑠𝑠 with respect to CP is different in different regimes, and thus implicates the

overlap and entanglement status of polymers in the solution. As demonstrated in Equations 3-5,

as the CP increases, the exponent also increases from 0.5 to 1.5 to 3.75 indicating regimes that are
below C*, above C*, and above Ce:
𝜂𝜂𝑠𝑠𝑠𝑠 ~ CP0.5
𝜂𝜂𝑠𝑠𝑠𝑠 ~ CP1.5

for CP < C* in dilute solution

Equation 3

for C* < CP < Ce in semi-dilute solution

Equation 4

𝜂𝜂𝑠𝑠𝑠𝑠 ~ CP 3.75 for CP > Ce in entangled solution

Equation 5

One challenge of electrospinning polyelectrolytes is their dramatic viscosity dependence on CP
that results from the intra/intermolecular like-charge repulsion of the polyelectrolytes, in comparison
to neutral polymers.64 A classic example is chitosan, a medium chain polycation with 148,000 g/mol
in water (salt free) which has an exponent of ~6 (rather than 3.75 for neutral polymers) above Ce
because of the rigidity of the backbone (Figure 2a). Chitosan was entangled at 2.9 wt% but 3.0
wt% chitosan in acetic acid/water mixture only formed beads rather than fibers (Figure 2b). For
chitosan to satisfy the entanglement requirement to form electrospun fibers, the precursor solution
needed to be 100× more viscous than peanut butter, which is impossible to be extruded through
an advancement pump.57 One alternative way to increase entanglement in a polyelectrolyte
solution is by adding a linear, neutral polymer, such as poly(ethylene oxide) (PEO) which increases
polymer entanglements while maintaining a reasonable viscosity to enhance electrospinning.6,59,7076

In contrast, when PEO was introduced to the chitosan solution for a total polymer concentration

of 3.0 wt% with 8:9 chitosan/PEO ratio, chitosan was successfully electrospun into fibers (Figure
2c).
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Figure 2. (a) A log-log plot of specific viscosity (𝜂𝜂𝑠𝑠𝑠𝑠 ) vs concentration of chitosan (148,000 g/mol)
in acetic acid/water. The entanglement concentration (Ce) was determined to be 2.9 wt% from the
change in slope seen in the figure. Scanning electron microscope (SEM) micrographs of (b)
“electrosprayed” beads from an acetic acid/water solution with 3.0 wt% chitosan, and (c)
electrospun fiber from solution made of 8:9 chitosan:PEO blend in acetic acid/water solution with
3.0 wt% total polymer.57 Adapted with permission from Klossner, R. R.; Queen, H. A.; Coughlin, A.
J.; Krause, W. E. Correlation of Chitosan’s Rheological Properties and Its Ability to Electrospin.
Biomacromolecules, 2008, 9 (10) 2947-2953. Copyright 2008 American Chemical Society.
Considering the challenges associated with the high viscosity caused by charges in an
electrospinning polyelectrolyte solution, we are motivated to overcome this difficulty by taking
advantage of charge interactions in a polyelectrolyte solution. While a single polyelectrolyte has
charge repulsion and causes extremely high viscosity of the solutions, we are interested in the
interactions between oppositely charged polyelectrolytes and hypothesize that we can harness
their associative electrostatic interactions to enable electrospun fiber formation. Meanwhile, we
hypothesize that the electrostatic interactions should be modulated to form a precursor solution
that is convenient to process.
1.3 Complex Coacervation
1.3.1 Coacervate Phase Behavior
Polyelectrolyte complexation and complex coacervation describe an associative electrostatic
phase separation involving oppositely-charged polymers or other macroions.77-79 Complex
coacervates have a long history of being used in encapsulation/drug delivery,80-85 food and personal
care products,86,87 compartmentalization,88-90 etc. In contrast to coacervates, which are a dense,
polymer-rich phase in equilibrium with a supernatant, polyelectrolyte complexes (PECs) are solid
precipitates, insoluble in water and intractable to organic solvents and heat.39,77,78,91 Recent studies
showed that PECs are “saloplastic” materials because salt can effectively soften the solid PECs to
transition

to

liquid

coacervates

by

modulating
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the

electrostatic

interactions

between

polyelectrolytes.78,79,91,92 In summary, the formation of PEC solids or liquid coacervates is a
thermodynamic outcome driven by the large entropic gains associated with the release of bound
counterions from the polyelectrolytes during complexation.92-96
Understanding the phase behavior of coacervates is important to control coacervation and
design useful materials out of them. In very low salt solutions, PECs are solid (Figure 3a).
Increased salt concentration leads PECs to transition to an associative liquid-liquid phase
separation, where a polymer-rich coacervate phase co-exists with a polymer-poor supernatant
following a tie-line. Above the critical salt concentration, there would be no phase separation as
there is no entropic benefit for salt ions to leave the polyelectrolytes.92-96 As indicated by the binodal
phase diagram for coacervation, an increase in the total polymer concentration in the solution does
not commensurately increase the polymer concentration in the coacervate phase since phase
separation is coupled with the overall salt concentration in the system as well,97-99 which is counterintuitive but essential when designing processable coacervates. Typical factors to alter the phase
behavior of coacervates also include the chemistry of polyelectrolytes,100-106 polymer chain
length,97,107 salt and polymer concentrations, pH,108 etc. Figure 3b qualitatively shows that
increasing chain lengths of the polyelectrolytes would broaden the phase separation region under
the binodal curve.
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Figure 3. (a) A schematic representation of the thermodynamic phase diagram (binodal curve) for
complex coacervate as a function of total salt concentration and total polymer concentration in the
system. Solid circles indicate as-prepared samples and open circles along the dashed tie-lies
indicate a polymer-rich coacervate phase and a polymer-poor supernatant phase after phase
separation. The highest salt concentration for a coacervate to transition from two-phases to a
single-phase is the critical point. Arrows in (a) show how increasing salt decreases the polymer
concentration and viscosity in the coacervate. (b) A schematic representation of the broadening
binodal curve for coacervates formed with increased chain length N of the polyelectrolytes. (c) A
digital photograph of the PSS/PDADMAC complex coacervates prepared in increasing salt
concentrations. The numbers at the cap of each vial was the as-prepared KBr concentration.78
Adapted with permission from Wang, Q.; Schlenoff J. B. The Polyelectrolyte Complex/Coacervate
Continuum. Macromolecules, 2014, 47 (9), 3108–3116 (DOI: 10.1021/ma500500q). Copyright
2014 American Chemical Society. Further permissions related to the material excerpted should be
directed to the ACS.
A canonical coacervate system which has been used in numerous studies to demonstrate the
saloplasticity, thermodynamic phase transition, and processibility of PECs is poly(4-styrene
sulfonate sodium salt) (PSS) and poly(diallyldimethyl ammonium chloride) (PDADMAC) in
potassium bromide (KBr) solution (Figure 3c).78 Thus, it is reasonable and convenient for us to test
a well-established system to prove that complex coacervates can overcome the challenges in
electrospinning involving toxic chemicals.
1.3.2 Coacervate Encapsulation
Complex coacervates have a long history of encapsulation due to their low surface tension, as
well as the flexibility of tuning polymer structures that enables attraction interactions to facilitate
encapsulation.81-83,109-112 A wide range of cargos of various size, charge, hydrophobicity, and
hydrophilicity had been encapsulated in coacervates, including peptides/proteins,83,113-115
DNA/RNA,89,116-118 small molecule dyes,119-122 and therapeutic drugs.81,110,111,123 Cargo molecules
7

interact with the coacervates during complexation and tend to be homogeneously dispersed
throughout the material (Figure 4). This strong ability to encapsulate cargo has significant potential
to enhance the utility of fibers electrospun from coacervates, particularly because processing can
be done entirely in water.

Figure 4. Optical micrographs of fluorescence FITC-labeled bovine serum albumin (BSA)
encapsulation within poly(L-lysine)/poly(D/L-glutamate) coacervate droplets shown in fluorescence
(left) and brightfield (center). The colocalization of fluorescence within the droplets in the overlay
(right) confirms protein encapsulation. The scale bar represents 15 µm.83 Reprinted with permission
from Black, K. A.; Priftis, D.; Perry, S. L.; Yip, J.; Byun, W. Y.; Tirrell, M. Protein Encapsulation via
Polypeptide Complex Coacervation. ACS Macro Lett., 2014, 3 (10), 1088-1091. Copyright 2014
American Chemical Society.
1.3.3 Rheological Characterization of Coacervates
Due to the liquid-liquid phase separation of coacervation that results from the thermodynamic
inter-/intra-polymer ionic interactions in the presence of salt, the rheological behavior of
coacervates depends on numerous factors.79,96,105,124-129 Figure 5a demonstrates that coacervate
rheology is different from single polyelectrolyte solutions that contain equal concentrations of a
polycation or a polyanion because coacervates form by having ionic interactions and are
viscoelastic.100,126,130-132

Figure 5. (a) Linear viscoelasticity experiments determined that coacervates have a greater
modulus and more complex viscoelastic behavior than equal concentrations of a polycation or
polyanion solution.79 (b) A schematic depiction of “sticky points” showing correlated electrostatic
interactions that create inter-polymer interactions. Adapted with permission from Spruijt, E.;
Westphal, A. H.; Borst, J. W.; Stuart., M. A. C.; van der Gucht, J. Binodal Compositions of
Polyelectrolyte Complexes. Macromolecules, 2010, 43 (15), 6476-6484. Copyright 2010 American
Chemical Society.
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The viscoelasticity of coacervates arises from having ion pairs that are constantly forming and
breaking. An associated ion on a polyelectrolyte could dissociate with its partner to either go back
to the original cluster or move randomly to a nearby oppositely-charged neighbor to form a new
ionic bond (Figure 5b). Such a process of association-dissociation between charges was termed
“ionic hopping” and the persistence of hops makes coacervates a viscoelastic material.100,126,130-132
The average time for an ion pair to stay associated until dissociated was termed the “association
lifetime” which can delay terminal relaxation as new clusters form. Researchers had found that the
slow viscoelastic relaxation process was best understood and predicted by using a sticky-Rouse
model where the temporary ionic sites are seen as “sticky points” and cause polymer
inflexibility.91,128,132,133
Characteristic parameters to study the viscoelasticity of coacervates whose rheological
behaviors are dominated by hopping ionic pairs are relaxation spectrum Η(𝜆𝜆𝑖𝑖 ), which describes the

number of modes and strengths for sticky points to relax, and the relaxation modulus G(𝑡𝑡), which
is the integrated form of the spectrum. While all liquids typically show a characteristic decay in the

relaxation modes at sufficiently long time, the relaxation for coacervates is strongly affected by the
N, architecture and chemistry of the polyelectrolytes, and salt concentration in the system. The
relatively low N coacervates could be described by the Rouse model without complicated
modifications caused by chain reptation.91,128,132-134 In contrast, for neutral polymers in solvent, the
relaxation time is simply defined by physical chain entanglements which sustain and relax stress
primarily by reptation under deformation.135 For example, longer chains, higher polymer
concentrations, and more branched architecture slows the polymer relaxation time in the solution,
and vice versa. Although the relaxation behavior originates from different polymer interactions
between traditional neutral polymer solutions and complex coacervates, relaxation should be useful
to predict the spinnability of polymer samples generally. Previous studies had shown that even with
very dilute neutral polymer solutions, a sufficiently long relaxation time could be achieved by having
a complex polymer architecture, i.e., hyperbranched structure, meaning that the solutions were still
spinnable.136-140 We hypothesize that electrospinning coacervates should be successful if the
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coacervates would be designed to sustain enough stress for a long enough time, even with very
short polymer chains.
Methods to calculate the relaxation spectrum Η(𝜆𝜆𝑖𝑖 ), relaxation modulus G(𝑡𝑡), and zero-shear

viscosity (𝜂𝜂0 ), other potentially useful candidates based on frequency sweep data have been

developed by Baumgaertel and Winter,141,142 who later developed a computer software, the “RheoHub” rheology tool kit, to simplify data processing. In the range of small perturbations, the polymer
deformation and stress can be related by a constitutive equation based on Boltzmann’s
superposition principle as:
𝑡𝑡

Equation 6

𝜏𝜏(𝑡𝑡) = � 𝐺𝐺(𝑡𝑡 − 𝑡𝑡 ′ )𝛾𝛾̇ (𝑡𝑡 ′ )𝑑𝑑𝑑𝑑′
−∞

where 𝜏𝜏 is the stress tensor, 𝛾𝛾̇ is the strain rate tensor, and 𝐺𝐺(𝑡𝑡) is the linear relaxation modulus.

For a linear, uniform polymer solution, the relaxation modes are well defined. However, for a
polymer system that has non-uniform chains, such as coacervates composed of two
polyelectrolytes, the relaxation modes lose their distinct physical meaning such that a discrete

relaxation (or reptation) spectrum would provide a better interpretation.
The relaxation modulus 𝐺𝐺(𝑡𝑡) can be expressed as a discrete set of exponential decays as:
𝑚𝑚

𝐺𝐺(𝑡𝑡) = 𝐺𝐺𝑒𝑒 + � 𝑔𝑔𝑖𝑖 exp (−𝑡𝑡/𝜆𝜆𝑖𝑖 )

Equation 7

𝑖𝑖=1

The m modes in a relaxation spectrum Η(𝜆𝜆𝑖𝑖 ) are defined by their relaxation strength 𝑔𝑔𝑖𝑖 , and

relaxation time 𝜆𝜆𝑖𝑖 . 𝐺𝐺𝑒𝑒 is the equilibrium modulus, which is 0 for a liquid and >0 for a solid. The

number of modes, 𝑔𝑔𝑖𝑖 , and 𝜆𝜆𝑖𝑖 .can be calculated as fitting parameters by fitting into the dynamic
moduli 𝐺𝐺′(𝜔𝜔) and 𝐺𝐺′′(𝜔𝜔) as:

𝑁𝑁

𝐺𝐺′(𝜔𝜔) = 𝐺𝐺𝑒𝑒 + � 𝑔𝑔𝑖𝑖
𝑁𝑁

𝑖𝑖=1

𝐺𝐺′′(𝜔𝜔) = � 𝑔𝑔𝑖𝑖
𝑖𝑖=1

(𝜔𝜔𝜆𝜆𝑖𝑖 )2
1 + (𝜔𝜔𝜆𝜆𝑖𝑖 )2

Equation 8

𝜔𝜔𝜆𝜆𝑖𝑖
1 + (𝜔𝜔𝜆𝜆𝑖𝑖 )2

Equation 9

Having known these parameters, the zero-shear viscosity can be expressed as the sum of the
products of the relaxation strengths and times as:
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𝑁𝑁

Equation 10

𝜂𝜂0 = � 𝑔𝑔𝑖𝑖 𝜆𝜆𝑖𝑖
𝑖𝑖=1

While Η(𝜆𝜆𝑖𝑖 ) might be one predictive way to determine spinnability of coacervates, another

potentially useful approach is to estimate the number of sticky points in the coacervates by using
the sticky-Rouse model. These sticky points cause an energy barrier for polyelectrolytes to freely
move.126 The number of charge sites involved in “cross-linking” with other polymers in the
coacervates can be estimated as the stranded molecular weight (Mstrand) from the rubber elasticity
of coacervates.131 For simplicity, the storage modulus (G’) value at the high frequency value (100
rad/s) is used to calculate the Mstrand as:131
𝐺𝐺 ′ =

𝑤𝑤𝑓𝑓 𝜌𝜌𝜌𝜌𝜌𝜌
𝑀𝑀strand

Equation 11

While coacervates are saloplastic materials, salt concentration instead of temperature
becomes a more effective parameter upon which to build a master curve to depict the evolution of
characteristic

rheological

response

for

coacervates,

also

known

as

the

time-salt

superposition.91,100,127-129 A recent study on the solid-to-liquid phase transition of PSS/PDADMAC
PECs by Liu et al. demonstrated that the percolation of trapped electrostatic crosslinks defines the
critical solid-to-liquid transition as a gelation phenomenon, which is shown by the presence of a
frequency invariant point at a given salt concentration, 0.85 M KBr (Figure 6).91 Therefore, two
master curves must be constructed because below and above the invariant point represented two
distinct physical identity of the polyelectrolyte complexation, the gel-like PECs solids and the liquid
complex coacervate solution, respectively. The time-salt superposition could be constructed by
shifting frequency sweep data from coacervates made with different salt concentrations to construct
a master curve which can be extended to much lower frequency ranges to predict useful rheological
parameters of a coacervate system, such as relaxation at sufficiently long times. The time-salt
superposition requires both horizontal and vertical shift factors, which provide additional information
about the system. For instance, the slope of the vertical shift factor as a function of salt
concentration in the coacervate phase is related to the energy barrier for the rearrangement of ionic
pairs in the coacervate. This definition suggests that trends in these shift factors may also provide
information about the potential spinnability of coacervates.
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Figure 6. Plots of (a) tan(δ), (b) the normalized phase angle (2δ/π), (c) the normalized elastic
modulus (G’/G*), and (d) the normalized viscous modulus (G”/G*) as a function of the as-prepared
salt concentration. Data were shown for oscillation frequencies ranging from 1 rad/s to 100 rad/s
indicated by the arrows (purple to red). The gel point occurred at a salt concentration of 0.85 M KBr
based on the location of the frequency-invariant crossover point in the plots.91 Reprinted with
permission from Liu, Y.; Momani, B.; Winter, H. H.; Perry, S. L. Rheological Characterization of
Liquid-to-Solid Transitions in Bulk Polyelectrolyte Complexes. Soft Matter 2017, 13 (40), 7332–
7340. Copyright 2017 Royal Society of Chemistry.
While the liquid-liquid phase separation has the great potentials to be used as a fully waterbased precursor solution, there was very limited reports which took advantage of the liquid nature
of coacervates to enable direct formation of PECs solids.143,144 With the extensive amount of
rheological understanding of complex coacervation and the facility of electrospinning technique, we
were motivated to investigate the potentials of developing complex coacervates into a green
processing platform by correlating the coacervate’s liquid-liquid phase behavior, encapsulation
capability, rheological characteristics, and their subsequent electrospinnability into fibers. The use
of complex coacervates could potentially eliminate any toxic chemicals involved to achieve for
direct formation of environmentally benign materials.
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CHAPTER 2
DISSERTATION OBJECTIVES
2.1 Broad Scope
My dissertation reports the first demonstration that solid polyelectrolyte complex (PEC) fibers
can be electrospun directly via complex coacervation. First of all, we harnessed the liquid nature of
complex coacervates to enable the electrospinning of PEC fibers. We hypothesized that the
associative electrostatic interactions between the oppositely-charged polyelectrolytes, which drive
the liquid-liquid phase separation in complex coacervation, could also enable electrospun fiber
formation. Secondly, inspired by the long history of coacervates being used in encapsulation, we
also examined the potential for using complex coacervation to directly encapsulate cargos into the
PEC fibers and films, as well as investigated the release and uptake properties of the PEC films.
Thirdly, since the electrostatic interactions drive coacervate properties and formation, we also
developed a mechanistic understanding to identify the role of the electrostatic interactions by using
rheological characteristics, such as the viscosity and the relaxation behavior. Below is a list of my
specific dissertation objectives. All materials and methods information can be found in CHAPTER
3.
2.2 Objective 1: The Electrospinnability of Complex Coacervates
We first demonstrated that a model complex coacervate system could be electrospun
(CHAPTER 4). We demonstrated this spinnability of complex coacervates using a canonical pair
of well-established and strong polyelectrolytes, poly(4-styrenesulfonic acid, sodium salt) (PSS) and
poly(diallyldimethylammonium chloride) (PDADMAC), in the presence of potassium bromide (KBr)
salt. Both the electrospinning apparatus, i.e., voltage and separation distance, and the solution
properties, i.e., polymer and salt concentration (CP and CS), were varied and correlated to the
spinnability of the complex coacervates. The as-spun PEC fibers were characterized for their
chemical composition. The PEC fibers were also chemically and thermally challenged to examine
their stability in a wide range of aqueous and organic solutions, as well as their stability at high
temperatures.
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Inspired by the long history of coacervates being used in encapsulation, we investigated the
effect of small molecules as cargo on the spinnability of complex coacervates (CHAPTER 5). We
used a panel of six dyes, i.e., brilliant blue G (BBG), fast green FCF (FG), fluorescein (FS),
rhodamine 123 (R123), rhodamine 6G (R6G), and rhodamine B (RB), as model drugs which are
structurally different in electrostatics and hydrophobicity. The effect of small molecules on the
phase behavior of complex coacervation, dye partitioning into the coacervate phase, as well as the
subsequent spinnability of the dye-encapsulated coacervates was studied as a function of the dye
concentration (Cdye) and CS. The resulting PEC fiber diameter was examined to find out the effect
of cargos on fiber formation.
Having characterized the potential for encapsulating dyes into the complex coacervate phase,
we move on to characterize the effect of dyes on the efficacy of PEC films as delivery vehicles for
their release and uptake properties (CHAPTER 6). We fabricated PEC thin films via spin coating.
We hypothesize that the electrostatic and hydrophobic interactions between dye and polymers,
which facilitated favorable dye partitioning in the liquid complex coacervate phase, can also
facilitate both the sustained release of dyes from PECs to solution, and drive the effective removal
of dye from the solution into PECs. These findings have the potential to use the PEC films in
applications related to biomedicine, energy, and separations, where controlling the uptake and
release of cargo into sponge-like mats is needed.
2.3 Objective 2: The Role of Electrostatic Interactions in Electrospinning Fiber via Complex
Coacervation
Building on the electrospinnability of complex coacervates, we hypothesized that the
associative interactions that drive coacervation can also enable electrospinning. Therefore, we
synthesized sets of backbone-matched methacroloyl polycations and polyanions with different
chain lengths (N) and formed coacervates. We controlled the N to be low enough to avoid having
physical entanglements in the coacervates and to expose the effectiveness of the electrostatic
interactions in an electrospinnable complex coacervate solution. We correlated the spinnability of
coacervates with their rheological behavior, such as viscosity, in terms of N and CP (CHAPTER 7).
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This study drastically contrasts the current understanding of the requirement of entanglements in
an electrospinnable polymeric precursor solution.
We took a step further to characterize the rheological properties of complex coacervates to
investigate the mechanism of coacervate spinnability (CHAPTER 8). We hypothesized that the
electrostatic interactions in the coacervates could replace the role of entanglements to slow down
the relaxation and prevent the electrospun fiber jet from breaking into droplets. We performed small
amplitude oscillatory shear (SAOS) tests to probe the internal structure of the complex coacervates.
We analyzed for the relaxation spectrum Η(𝜆𝜆𝑖𝑖 ) and relaxation modulus G(t) of the coacervates and

correlate with their subsequent spinnability for various coacervates systems, including
PSS/PDADMAC, polymethacroloyl, polyacroloyl, and chitosan/hyaluronic acid systems.
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CHAPTER 3
MATERIALS AND METHODS
3.1 Materials Used in this Dissertation
Poly(4-styrenesulfonic acid, sodium salt) (PSS, AkzoNobel, VERSA TL130, 15 wt% solution in
water, ca. 332,000 g/mol, N~1,600, PDI ~1.08). The molecular weight and PDI of PSS were
characterized

by

aqueous

gel

permeation

chromatography

(GPC/SEC-MALS

Agilent

Technologies, Santa Clara, CA) using a TSKgel G3000SWxl column with a mobile phase of 20/80
v/v mixture of 0.1 M sodium nitrate (NaNO3, ACS Grade, Sigma-Aldrich, Saint Louis, MO) and
acetonitrile (C2H3N, ACS grade, Fisher Scientific, Fair Lawn, NJ). PSS was filtered using a 0.22 µm
pore size filter (EMD Millipore) prior to use. Poly(diallyldimethylammonium chloride) (PDADMAC,
Hychem, Hyperfloc CP 626, 20 wt%, ca. 350,000-400,000 g/mol, N~2,470) was used as received.
Brilliant blue G (BBG, 854.02 g/mol), fast green FCF (FG, 808.86 g/mol), fluorescein sodium
salt (FS, 376.27 g/mol), rhodamine 123 (R123, 380.82 g/mol), rhodamine 6G (R6G, 479.02 g/mol),
and rhodamine B (RB, 479.02 g/mol) were ACS grade and used as received from Sigma-Aldrich.
ACS grade potassium bromide (KBr), hydrochloric acid (HCl), and sodium hydroxide (NaOH) were
used as received from Fisher Scientific. Organic solvents, including acetone (histological grade),
chloroform (ACS grade), dichloromethane (DCM, ACS grade), dimethylformamide (DMF, ACS
grade), dimethyl sulfoxide (DMSO, ACS grade), ethanol (ACS grade), ethyl acetate (ACS grade),
hexane (ACS grade), methanol (ACS grade), 2,2,2-trifluoroethanol (TFE, ACS grade, TCI
America), tetrahydrofuran (THF, ACS grade), and toluene (ACS grade), as well as the aqueous
buffer solutions (pH = 4.0, 7.0, and 10.0) were utilized as received from Fisher Scientific unless
otherwise specified. Deionized (DI) water was obtained from a Milli-Q water purification system
(resistivity of 18.2 MΩ cm, Millipore).
All reactants, 3-sulfopropyl methacrylate potassium salt (SPMA, 98%, Sigma Aldrich), 2(dimethylamino)ethyl methacrylate (98%, Sigma Aldrich), iodomethane (99%, Sigma Aldrich), 4cyano-4-(phenylcarbonothioylthio) pentanoic acid (Sigma Aldrich), 4,4’-azobis(4-cyanovaleric acid)
(ACVA, Sigma Aldrich), 1,4-dioxane (anhydrous, 99.8%, Sigma Aldrich), acetone (ACS grade,
Fisher Scientific), tetrahydrofuran (THF, ACS grade, Fisher Scientific), diethyl ether (ACS grade,
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Fisher Scientific), and potassium bromide (KBr, ACS grade, Fisher Scientific), were used as
received.
3.2 Preparation of Complex Coacervates without and with Dye in Canonical System
Individual PSS and PDADMAC stock solutions in water were prepared gravimetrically at
concentration of 0.125-0.5 M based on their monomer units and adjusted to pH 7.2 with a few drops
of concentrated HCl or NaOH solutions. KBr stock solution was prepared at a concentration of 4
M. Complex coacervates were prepared by mixing the KBr solution with water in a centrifuge tube
(50 mL, Fisher Scientific), followed by sequential addition of PSS and PDADMAC in a 1:1 charge
ratio of PSS and PDADMAC, on a monomer basis, and the total PEC concentration was 0.045M
for all samples. The mixture was vortexed for 15 s immediately after the addition of each solution.
Samples were centrifuged (Sorvall ST 16R Centrifuge, Thermo Fisher Scientific) at 280×g (3,500
RPM) for 10 min to facilitate coalescence of the dense coacervate phase.
For dye-involved experiments, dye was first mixed with the PSS stock solution. Both PSS and
PDADMAC stock solutions were 0.5 M in water, on a monomer basis. Dye-containing coacervates
were prepared at a total volume of 1.5 mL in microcentrifuge tubes (Fisherbrand 2.0 mL Graduated
Natural, Fisher Scientific) for dye concentration measurements, and at a total volume of 10 mL in
graduated round-bottom tubes (14 mL, Fisher Scientific) for coacervate volume measurements.
Solid KBr, dye-PSS solution, PSS solution, and PDADMAC solution were sequentially added to a
clean, dry container and vortexed for 30 s after each addition to facilitate mixing. Coacervate
samples were all prepared at a 1:1 charge ratio of PSS and PDADMAC, on a monomer basis, and
the total PSS and PDADMAC monomer concentration was 0.5 M. All samples used for
concentration measurements were made in triplicate. Coacervate samples were mixed overnight
to reach dye partition equilibrium on a rotator (Arma-Rotator A-1, Elmeco Engineering,
Gaithersburg, MD) at 20 RPM before centrifugation to coalescence the dense coacervate phase.
Small-scale samples were centrifuged at 17×g for 10 min (Sorvall Legend Micro 17 Centrifuge,
Thermo Fisher Scientific), while large-scale samples were centrifuged at 2,300×g (10,000 RPM)
for 10 min (Sorvall ST 16R Centrifuge, Thermo Fisher Scientific). The only exception to this
procedure were the highly concentrated FG containing samples (20 mM and 25 mM), which were
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left at room temperature to settle for 90 days to ensure phase separation. Samples prepared for
visualization and digital imaging were prepared at a concentration of ~0.03 to 0.15 mM BBG and
FG, and ~0.05 mM FS, R123, R6G and RB.
3.3 Cationic Monomer Synthesis
Monomers for the polycation were prepared by the quaternization of the commercially available
2-(dimethylamino)ethyl methacrylate (DMAEMA) monomer (Figure 7a). DMAEMA (15 g, 95.4
mmol) was first dissolved in THF (150 mL, dry) in a reactor in an ice bath, followed by degassing
with nitrogen for 1 hr. Excessive iodomethane (27.1 g, 190.1 mmol) was added dropwise into the
reactor. The resulting mixture was stirred under nitrogen gas for 1.5 hr in the ice bath allowed to
react at room temperature for 24 hr. The product, [2-(methacryloyloxy) ethyl]trimethylammonium
iodide (TMAEMA), was precipitated out of solution, filtered, and rinsed with diethyl ether before
drying under vacuum overnight. The successful quaternization reaction reached 99% conversion
of DMAEMA and > 99.9% amine quaternization, determined by 1H NMR (Figure 7b).

Figure 7. (a) Reaction scheme for cationic monomer synthesis via the quaternization of DMAEMA
to TMAEMA. (b) 1H NMR spectrum of the TMAEMA monomer in D2O. The peak integration was
normalized based on the single hydrogen present on the vinyl group (a and b).
3.4 Polymer Synthesis for CHAPTERS 7 and 8
All polymers used in this work were synthesized by reversible addition-fragmentation chain
transfer (RAFT) polymerization100 (Figure 8). The 4-cyano-4-(phenylcarbonothioylthio) pentanoic
acid was used as a chain transfer agent (CTA) and the 4,4’-azobis(4-cyanovaleric acid) (ACVA)
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was used as the initiator in all reactions at the molar ratio of 10:1 (CTA:initiator). The degree of
polymerization (N) was controlled by modulating the feed ratio between monomer and
CTA+initiator. Each polymer was synthesized at a 5 g total polymer scale. For each batch, the
monomer was dissolved by stirring in DI water in a 50 mL Schlenk flask followed by the addition of
CTA and initiator. The reactor was first degassed using a nitrogen purge for 30 min before use. For
the synthesis of polymers with chain length N > 50, only water was used as a solvent. For short
chain batches (N = 5 and 20), ~10 mL dioxane was used as co-solvent with water to modulate the
polarity of the solvent to account for the high concentrations of the chain transfer agent (CTA) and
initiator which had limited solubility in water. The dioxane solution was added dropwise until a
homogeneous solution formed, and then three cycles of freeze/pump/thaw were performed to
degas the mixture. The Schlenk flask was backfilled with nitrogen and placed in an oil bath at 70ºC.
The reaction was allowed to run for 14 hrs to allow for a greater conversion rate of monomers for
medium chain-length synthesis (N > 50). The reaction time was shortened for the synthesis of
shorter polymers (N = 5 and 20) to 6 hrs to control molecular weight, as well as to minimize potential
side reactions, such as CTA hydrolysis. After the reaction was finished, the polymerization was
quenched by immersing the flask into an ice bath. The resulting polymers were purified by
precipitation into acetone three times. The polymer products poly(3-sulfopropyl methacrylate
potassium salt) (PSPMA) and poly([2-(methacryloyloxy)ethyl] trimethylammonium iodide)
(PTMAEMA) were lyophilized (Labconco, FreeZone Plus 2.5L Cascade Console Freeze Dry
System) before further use. Full schematics of the reactions can be seen in Figure 8.

19

Figure 8. Polymerization reactions for (a) the polyanion, poly(3-sulfopropyl methacrylate potassium
salt) (PSPMA) from 3-sulfopropyl methacrylate potassium salt (SPMA), and (b) the polycation,
poly([2-(methacryloyloxy)
ethyl]trimethylammonium
iodide)
(PTMAEMA)
from
[2(methacryloyloxy)ethyl] trimethylammonium iodide (TMAEMA) via reversible additionfragmentation chain transfer (RAFT) polymerization. 4-cyano-4-(phenylcarbonothioylthio)
pentanoic acid was used as a chain transfer agent (CTA) and 4,4’-azobis(4-cyanovaleric acid)
(ACVA) was used as the initiator in all reactions at a ratio of 10:1 (CTA:initiator).
A series of methacryoloyl polyanions (PSPMA) and polycations (PTMAEMA) with decreasing
degree of polymerizations (N) was successfully synthesized by reversible addition−fragmentation
chain-transfer (RAFT) polymerization method. The targeted degree of polymerization was N ~ 500,
50, 20, and 5 for both the polyanion and the polycation. RAFT was chosen because of the ability
to precisely control the molecular weight of polymers from monomers of various chemical
functionalities in different reaction conditions.100,145-147 The monomer conversion in all
polymerization reactions was ~80%, as confirmed by 1H NMR immediately after the reaction was
quenched, comparing the areas representing the converted hydrogens on the alkene of monomer
to the ones not converted.
3.5 Polymethacroloyl Characterization
Proton nuclear magnetic resonance spectroscopy (1H NMR, Bruker AvanceIII 500) was
performed in 5 mm diameter tubes in deuterated water (D2O) at 25ºC. The polyanion and polycation
were chosen as a model system due to their structural similarity. Both polyelectrolytes were
successfully synthesized using RAFT polymerization for various N ~ 10, 20, 50, and 500. Actual N
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and the number average molecular weight (MN) were determined based on the ratio between the
protons associated with the phenyl end group from CTA and the monomer from 1H NMR spectra
(Figure 9). Table 1 provides the number of average molecular weights (MN) of PSPMA and
PTMAEMA.

Figure 9. The 1H NMR spectra of PSPMA with an average degree of polymerization of (a) N ~ 6
and (b) N ~ 18, and PTMAEMA of length (c) N ~ 9 and (d) N ~ 23 in D2O. The solvent acetone
peak is indicated by an asterisk. The peak integration was normalized based on the five aromatic
hydrogens present on the phenyl end group (a). N was determined by the ratio of integrated peak
area of hydrogen present on the ethyl side groups (b and c).
Table 1. The average chain length (N) for PSPMA and PTMAEMA, as determined by end group
analysis from 1H NMR, and the corresponding number average molecular weight (MN, g/mol).

Polyanion
(PSPMA)a
Polycation
(PTMAEMA)b
a
b

N

MN (g/mol)

6
18
45
450
9
23
47
470

1,478
4,434
11,084
110,844
2,692
6,881
14,061
140,605

The counterion for PSPMA was potassium.
The counterion for PTMAEMA was iodide.
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MN without counterion
(g/mol)
1,243
3,730
9,325
93,250
1,550
3,962
8,096
80,960

3.6 Preparation of Complex Coacervates with Polymethacroloyl
Polyelectrolyte stock solutions were prepared gravimetrically at a concentration of 0.125 M on
a monomer basis in DI water. A stock solution of KBr was also prepared gravimetrically at a
concentration of 2.0 M using DI water. Complex coacervates were prepared by adding KBr solution,
water, polyanion, and polycation solutions sequentially into a centrifuge tube (50 mL Falcon, Fisher
Scientific). The mixture was vortexed for 60 s between the addition of each solution to ensure good
mixing. The molar ratio of cation to anion was fixed at 1:1 for all samples.
The weight average molecular weight (MW*) and number average molecular weight (MN*)61 of
the coacervates formed with various N were tabulated in Table 2. The mathematical equations for
both MW* and MN* are shown in Equations 12-13. Only the number average molecular weights
(MN) of PSPMA and PTMAEMA were used since 1H NMR characterization only provided MN and
the inherent dispersity of each polymer was inevitably neglected. The counterions of the
polyelectrolytes were omitted, i.e., potassium ion for PSPMA and iodide for PTMAEMA, due to
counterion release during coacervation. In this work, MW* is used since it is a more common
parameter for a polymer blend with the sensitivity of molecular size rather than MN* which is
sensitive to their molar proportions.
MW ∗ =

MN,PSPMA 2 + MN,PTMAEMA 2
MN,PSPMA + MN,PTMAEMA

MN ∗ =

Equation 12

MN,PSPMA + MN,PTMAEMA
2

Equation 13

Table 2. Average polymer molecular weights of coacervates formed with PSPMA and PTMAEMA,
in terms of average weight average (MW*, g/mol) and number average (MN*, g/mol) for each N
combination. The average molecular weights of coacervates were calculated without the
counterions (potassium for PSPMA and iodide for PTMAEMA) due to the release of counterions
during coacervate formation. Polymers were mixed at a charge ratio of 1:1. Equations 12-13 were
used to calculate MW* and MN*. The molecular weight of individual polymers was characterized by
end group analysis from 1H NMR spectra (Figure 8).
Coacervates systems

MW* of coacervate

MN* of coacervate

Nanion/Ncation 6/9
Nanion/Ncation 18/23
Nanion/Ncation 45/47
Nanion/Ncation 450/470

1414
3849
8754
87538

1397
3846
8711
87105

Nanion/Ncation 45/470
Nanion/Ncation 450/47

73561
86447

45143
50673
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A combination of turbidimetry and visual inspection by optical microscopy was used to
determine the salt resistance of each coacervate system. Samples of 200 µL at a total polymer
concentration (CP) of 20 mM (on a monomer basis) were first prepared in a 96-well plate (Falcon,
Fisher Scientific), three samples of 50 µL were transferred to a 384-well plate. The turbidity of each
sample was measured in triplicate using a microplate reader (BioTek Synergy H1) at a wavelength
of 562 nm (Figure 10). Turbidity is defined as −ln(I/I0), where I0 = incident light intensity and I =
intensity of the light passed through the sample and was measured in absorbance units. An optical
microscope (EVOS FL Auto) with a 40x objective was used to visually inspect samples immediately
after preparation and allow for the identification of the formation of a precipitate, coacervate, and/or
the absence of phase separation. Additionally, control samples were made from a mixture of the
SPMA and TMAEMA monomers, as well as each of the monomers with the oppositely-charged
polyelectrolytes to test for phase separation in the limit of a single-monomer molecule. The salt
resistance was determined as the concentration of salt above which no phase separation was
observed (Figure 10-Figure 11).
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Figure 10. Turbidity as a function of added KBr concentration and the corresponding optical
micrographs for complexes of PSPMA/PTMAEMA with Nanion/Ncation of (a) 6/9, (b) 18/23, (c) 45/55,
(d) 450/470, (e) 45/470, and (f) 450/55. The salt resistance is indicated on each graph, as well as
on the corresponding micrograph. Samples were prepared at a total polymer concentration of 20
mM, on a monomer basis.
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Figure 11. Salt resistance (as determined in Figure 10 as a function of N for coacervates prepared
from equal length PSPMA/PTMAEMA with Nanion/Ncation 6/9, 18/23, 45/47, 450/470, as well as
mismatched chain lengths of 45/470 and 450/47. Samples were prepared at a total polymer
concentration of 20 mM, on a monomer basis. Error bars correspond to the sampling uncertainty
based on salt concentration increments from the experiments.
Larger scale samples for phase diagram determination, rheology experiments, and
electrospinning were prepared. For binodal phase diagrams, microcentrifuge tubes (2 mL, Fisher
Scientific) were used with a total sample volume of 1.5 mL. For rheology and electrospinning
experiments, large centrifuge tubes (50 mL Falcon, Fisher Scientific) were used with a total sample
volume of 50 mL. All samples were prepared with a total initial CP of 45 mM, on a monomer basis,
and mixed overnight on a tube rotator (Arma-Rotator A-1, Elmeco Engineering) at 20 RPM to allow
the sample to fully equilibrate. Microcentrifuge tubes were centrifuged at 17,000×g (13,300 PRM,
Sorvall Legend Micro 17 Centrifuge, Thermo Fisher Scientific) for 20 min, while larger centrifuge
tubes were centrifuged at 4,000×g (10,000 RPM, Sorvall ST 16R Centrifuge, Thermo Fisher
Scientific) for 20 min to facilitate coalescence of the dense coacervate phase.
3.7 Phase Diagram Determination of Complex Coacervates
The salt concentration (CS) in the supernatant was measured via conductivity (Oakton Con
450) and referenced to calibration curves of the added salt potassium bromide (KBr) and the
counterion potassium iodide (KI) (Figure 12). The CP in both supernatant and coacervate phases
were measured by precipitating each phase in 10 mL ethanol three times. Ethanol was chosen
because of its relatively high KBr solubility. The precipitated solids were lyophilized overnight to
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remove ethanol and weighed. The volume of the supernatant was measured by a 100 mL glass
volumetric cylinder, and the coacervate volume was determined by subtracting this measured
supernatant volume from the total sample volume of 50 mL. Experiments were conducted in
triplicate. The CS in the coacervate was calculated via mass balance based on the measured values
from the supernatant.

Figure 12. Calibration curve for the conductivity of aqueous solutions of (a) KBr and (b) KI as a
function of salt concentration in units of molarity (M, bottom axis) and weight percent (w/v%, top
axis). The red line is a linear fit to the data, described by the listed equations. Samples from
coacervates prepared at higher salt concentrations were diluted before measurement to operate
within the linear region of the calibration curve.
3.8 Theoretical Calculations of the Overlap and Entanglement Concentrations
The theoretical overlap concentration (C*), entanglement concentration (Ce), and condition for
the onset of fiber formation (Cfiber) were estimated using parameters for poly(methyl methacrylate)
(PMMA, MW = 100.1 g/mol) as a structurally similar and well-characterized neutral polymer. The
Kuhn molecular weight (MW, Kuhn) of PMMA was 655 g/mol,61 so the Kuhn segment for PMMA can
be calculated to be 6.5×N. We assumed the PMMA model in theta solvent (excluded volume = 0)
as the polyelectrolyte chains in coacervates in water were also in theta solvent as have been shown
to have a Gaussian coil polymer geometry.148 The number of Kuhn segments for each coacervate
(𝑁𝑁𝐾𝐾 ) was extrapolated with respect to the average MW* of each coacervate. Therefore, C* can be

estimated as:64

𝐶𝐶 ∗ ~𝑁𝑁𝐾𝐾 −0.764

Equation 14

with an entanglement concentration of approximately 𝐶𝐶𝑒𝑒 ≈ 10 × 𝐶𝐶 ∗.
26

3.9 Determination of Dye Concentration by Using UV/Vis
The volumes of both the supernatant and the coacervate phase were directly read from the
graduation marks on the round-bottom tubes following centrifugation. The concentration of dye in
the supernatant in each sample was determined by extracting 4-10 µL of solution, followed by
dilution using dye-free supernatant in a disposable cuvette (1.5 mL, polystyrene, Fisher Scientific).
Samples were analyzed using an ultraviolet-visible scanning spectrophotometer 10S (UV/Vis,
Genesys, Thermo Scientific). Dye calibration curves were constructed using the peak absorbance
wavelength for each dye (Figure 13). The concentration of dye in the coacervate phase was
calculated via conservation of mass based on the experimentally determined concentration of dye
in the supernatant and the volume of the coacervate and supernatant phases. Dye-free supernatant
was obtained from a sample prepared at a total monomer concentration of 0.5 M PSS/PDADMAC
in 1.6 M KBr, unless otherwise specified.

27

Figure 13. Plots of the UV-Vis calibration curves to convert absorbance to concentration for (a)
PSS in water at peak wavelength (λPSS) = 261 nm, (b) R6G in water at λR6G = 528 nm, (c) RB in
water at λR6G = 555 nm, (d) FS in supernatant at λFS = 475 nm, (e) R6G in supernatant at λR6G = 540
nm, and (f) RB in supernatant at λRB = 561 nm. The linear relation between absorbance and
concentration was labeled in the figures.
Changes to the UV/Vis spectra for the various dyes in the presence of coacervate components
were characterized using solutions of 0.02 mM BBG and FG dissolved in DI water, 1.6 M KBr
solution, 10 mM PSS and 10 mM PDADMAC, and dye-free supernatant, respectively. Analogous
experiments were performed for 0.03 mM FS, R123, R6G, and RB in both DI water and dye-free
supernatant. The effect of increasing dye concentration on the observed spectra was studied using
samples of 0.10, 0.25, and 0.50 mM BBG and FG in 10 mM PSS and 1.6 M KBr solution,
respectively. For display purposes, the max peak absorbance was used as a reference point to
normalize the absorbance spectra of each dye.
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Encapsulation efficiency was defined as the fraction of dye present in the coacervate phase,
while the partition coefficient was defined as the dye concentration ratio between the coacervate
phase and the supernatant phase.119-122 We also calculated the number of monomers per dye
molecule in the coacervate phase as an indication of how interactions between polymer and dye
might change as a function of concentration or solution conditions. These calculations assumed
that 99% of the polymer present in the entire sample was localized to the coacervate phase.91
3.10 Characterization of Dynamic Dye Release and Uptake
Dye-encapsulated PEC films placed into 12 well plates and submerged in 5 mL of DI water, as
well as 0.2 M, and 0.4 M KBr solutions. The PEC film immobilized on the glass coverslip was
anchored in the well using an inert polypropylene chemical-resist mesh (9×9 mesh, 9275T28,
McMaster-Carr). An optical adhesive film (Applied Biosystems MicroAmp, Fisher Scientific) was
used to seal the well plate to prevent water evaporation during the time of the experiment to ensure
the accuracy of Cdye. The Cdye that was released was dynamically monitored using a well plate
reader (Synergy H1 Hybrid Multi-Mode Reader, BioTek, Winooski, VT). Samples were shaken
continuously and read every 5 min for 780 min. The initial dye absorbance (t=0, dye-free solution)
was taken as baseline. The final Cdye in the solution was measured by UV/Vis.
The release and partition coefficient of the dye to the surrounding aqueous solutions were
obtained by submerging the dye-containing PEC films into 5 mL of water, 0.2 M and 0.4 M of NaCl,
KCl, NaBr, and KBr solutions, and organic solvents, including acetone, chloroform, DMSO, DCM,
DMF, dioxane, DMSO, ethanol, ethyl acetate, methanol, hexane, THF, toluene, and TFE,
respectively, for 8 weeks. The partition coefficient was defined as the ratio of dye in the films
compared to the solution. All samples were prepared in triplicate unless otherwise specified.
Similarly, for the uptake experiments, dye-free PEC films were submerged in 1 mM total dye
solution in 0 and 0.4 M KBr solutions, respectively, and the Cdye was monitored with the well plate
reader. The final Cdye in the films was determined with UV/Vis. The Cdye that remained in or was
absorbed by the films was determined by dissolving the entire film in 2-5 mL of 2 M KBr solution
followed by UV/Vis measurement.
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The polymer loss from PEC films to the surrounding solution was studied by submerging PEC
films into 5 mL of water and 0.1-0.5 M KBr solutions in a 12 well plate (Corning Costar Flat Bottom
Cell Culture Plate, Fisher Scientific). The PSS concentration in the solution was measured after
two weeks against a PSS calibration curve (Figure 13).
3.11 Determination of Salt Resistance of Coacervate Systems
For synthetic polymethacryoloyl systems, 200 μL samples at a total polymer concentration of
20 mM (on a monomer basis) were first prepared in a 96-well plate (Falcon, Fisher Scientific), then
transferred in triplicate of 50 μL to a 384-well plate. Turbidity of each sample was performed in
triplicate using a microplate reader ((Synergy H1 Hybrid Multi-Mode Microplate Reader, BioTek,
Winooski, VT)) at a wavelength of 562 nm. Turbidity is defined as −ln(I/I0), where I0 = incident light
intensity and I = intensity of the light passed through the sample and is measured in absorbance
units (a.u.). An optical microscope (EVOS FL Auto) with a 40× objective was used to immediately
after preparation to visually inspect samples morphology and allow for identification of the formation
of precipitate, coacervate, and/or the absence of phase separation. Control samples made with
SPMA and TMAEMA monomers with counter-monomer or polyelectrolytes were also examined for
phase separation using the optical microscope.
3.12 Viscosity Measurement of Complex Coacervates
For rheology experiments and electrospinning, coacervates were prepared in centrifuge tubes
with a total polymer concentration of 0.045 M on a monomer basis for all samples. The mixture was
well-mixed by rotating (Arma-Rotator A-1, Elmeco Engineering) overnight at 20 RPM before
centrifugation (Sorvall ST 16R Centrifuge, Thermo Fisher Scientific) at 4,000×g (10,000 RPM) for
20 min to facilitate coalescence of the dense coacervate phase. Rheology measurements were
performed using a Malvern Kinexus Pro stress-controlled instrument, run in strain-controlled
oscillatory mode. A 20 mm diameter stainless parallel plate fixture was used for the shortest chain
(Nanion/Ncation of 6/9) coacervates, with a gap size = 1 mm. A cone-plate fixture (50 mm diameter,
0.2º) was used for all other samples (gap size = 0.07 mm). A solvent trap was used for all
experiments. The strain amplitude used in all experiments was between 0.5% and 1%, which was
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within the linear viscoelastic regime of each sample confirmed by an amplitude sweep
measurement at 6.28 s-1. The storage (G’) and loss moduli (G’’) were measured as a function of
angular frequency. The viscosity of the coacervates was calculated based on G’ and G’’ with the
IRIS software package.141,142 All experiments were conducted in duplicate at 25°C.
3.13 Electrospinning Procedure
Coacervate samples were loaded into a 5 mL Luer-Lock tip syringe (Henke Sass Wolf, NormJect Luer Lock) capped with a Precision Glide 20-gauge needle (Becton, Dickinson & Co. Franklin
Lakes, NJ). In CHAPTER 4, the syringe was secured to a PHD Ultra syringe pump (Harvard
Apparatus, Plymouth Meeting, PA). Alligator clips were used to connect the positive anode of a
high-voltage supply (Gamma High Voltage Research Inc., Ormond Beach, FL) to the needle, while
the negative anode to a copper plate wrapped in aluminum foil.149 The coacervate was fed at a
constant rate of 2.5 mL/hr with applied voltage of 16 kV and a separation distance of 20 cm during
electrospinning, unless otherwise specified. The electrospinning apparatus was housed in an
environmental chamber (CleaTech, Santa Ana, CA) maintained at temperature of 23 ± 1ºC and a
relative humidity of 25-27% using a desiccant unit (Drierite, Xenia, OH). All fiber mats were
electrospun for 25 min to achieve a uniform bulk (z-scale) mat thickness. To test the effects of the
electrospinning apparatus parameters, the KBr concentration was held constant at 1.60M while
applied voltages of 6, 8, 10, 12, 14 and 16 kV and needle-to-collector separation distances of 10,
15, and 20 cm were tested.
In CHAPTER 5, the coacervates were loaded into a 5 mL syringe capped with a PrecisionGlide
22-gauge needle. The coacervate solution was modified for a constant rate of 1.0 mL/hr, the
needle-to-collector separation distance was set to 20 cm and an applied voltage of 14 kV was used.
In CHAPTER 6, separation distance was modified to 15 cm. The rest of the electrospinning
conditions were identical with those used in CHAPTER 4.
3.14 Scanning Electron Microscope (SEM) Characterization
Micrographs were acquired using an FEI-Magellan 400 scanning electron microscope (SEM).
A Cressington high-resolution ion beam coater model 108 was used to sputter coat samples for
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120s with gold. In CHAPTER 4, the distribution of fiber diameters was determined using Image J
1.80 software (National Institutes of Health, Bethesda, MD)149 by measuring a total of 90 random
fibers from 3 micrographs, while in CHAPTER 5 a total of 250 random fibers were measured from
5 or more high resolution SEM micrographs.
3.15 Optical and Fluorescence Microscope Characterization on Encapsulated PEC Fibers
A Zeiss Axiovert 4-laser spinning disc confocal microscope (20× magnification, Oberkochen,
Germany) was used to collect brightfield and fluorescence images, Ex./Em. 488/509 nm for BBG,
353/465 nm for FG, 495/519 nm for FS, 507/529 nm for R123, 530/552 nm for R6G, and 543/565
nm for RB. Photographs were taken using a digital single-lens reflex camera (Nikon D5200,
Melville, NY) with an AF-S NIKKOR 18-35 mm 1:3.5-5.6G lens.
3.16 Fabrication and Characterization of PEC Films
Circular glass coverslips (diameter = 15 mm, Electron Microscopy Sciences, Hatfield, PA) were
rinsed three times with 100% ethanol and then dried in an oven (Oakton StableTemp, Cole-Parmer,
Vernon Hills, IL) at 80°C for 30 min to remove ethanol. The cleaned glass coverslips were then
treated with UV/ozone (UV/Ozone ProCleaner, BioForce Nanosciences, Salt Lake City, UT) for 20
min before dispensing 100 μL of a coacervate uniformly on the surface. Spin-coating (Smart Coater
100, Brewer Science, Rolla, MO) was conducted using the same procedure for all samples, which
consisted of holding for 20 s at each of the following speeds, 1000, 2000, and 3000 RPM with an
acceleration of 200 RPM/s to ensure complete coverage. The resulting polyelectrolyte complex
(PEC) films were dried in ambient conditions for 20 min before further experiments.
The thickness and mass of the PEC films were determined by measuring the difference in
thickness (Friction Thimble Digimatic Micrometer, Kanagawa, Japan) and mass (Analytical Balance
XP204, Mettler Toledo, Columbus, OH) of coverslips before and after spin-coating across five
different samples with one measurement per sample.
The polymer loss from PEC films to the surrounding solution was studied by submerging PEC
films into 5 mL of water and 0.1-0.5 M KBr solutions in a 12-well plate (Corning Costar Flat Bottom
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Cell Culture Plate, Fisher Scientific) for two weeks. The PSS concentration in the solution was
measured with UV/Vis at λPSS = 261 nm (calibration curve in Figure 13).
3.17 Mechanical Tensile Strength Measurements of the PEC Fiber Mats
The electrospun fiber mats were prepared by electrospinning the coacervate solution prepared
with PSS/PDADMAC in 1.6 M KBr for 8 hr. The electrospinning conditions were maintained at
temperature of 23 ± 1 ºC, a relative humidity of 25-27%, an applied voltage of 14 kV, a separation
distances of 15, and a flowrate of 1 mL/hr. The fiber diameter (0.8 ± 0.22μm) was determined by
measuring different 250 fibers from 5 SEM micrographs. The fiber mat was flattened by
compressing with two hard and non-stick polyethylene sheets. For rinsed fiber mats, the fiber mats
were rinsed in water for 30 min before being air-dried on benchtop. All mat samples were placed
in the experimental room 24 hr before testing to ensure uniform sample conditioning. The fiber mat
was carefully laser-cut (Universal laser systems, Scottsdale, AZ) into samples with the dimensioned
demonstrated in Figure 14 by controlling 1-2% power, speed, and high resolution (400 PPI) to
avoid burning. The thickness of the fiber mat was measured with a micrometer right before tensile
strength measurement. Only samples with thickness of ~50 ± 10 μm were selected to ensure
samples uniformity and consistency in the results.

Figure 14. The laser cutting specific dimensions for the dog-bone shape fiber mats based on
ASTM638 standards for thin film samples.150
The fiber mat samples were loaded on a two-parallel-clamp setup in the Texture Analyzer
(Stable Micro Systems, United Kingdom) with an upward, uniaxial displacement rate of 10 μm/s.
The force of pulling and tower displacement as a function of time were recorded and converted to
a stress-strain diagram. The experiment was stopped manually after the force was zero, indicating
breakage of the fiber mats. A total of 8 samples were used to obtain the average values of the fiber
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mats to represent the mechanical properties, such as yield stress, Young’s modulus, and the failure
strain.
3.18 Characterization of Dynamic Dye Release and Uptake
Dye-encapsulated PEC films were submerged to 5 mL of water, 0.2, and 0.4 M KBr solutions
in a 12-well plate. The solid film along with the glass coverslip was nested against the inner wall of
a well by an inert polypropylene chemical-resist mesh (9×9 mesh, 9275T28, McMaster-Carr) to
anchor the position of the films to yield the center for dye absorbance measurement. An optical
adhesive film (Applied Biosystems MicroAmp, Fisher Scientific) was used to seal the well plate to
prevent water evaporation during the time of the experiment to ensure the accuracy of Cdye. The
Cdye that was released into the solution was dynamically monitored with a well plate reader.
Samples were shaken continuously and read every 5 min for 13 hr. The initial dye absorbance (t=0,
dye-free solution) was taken as baseline. The final dye concentration (Cdye) in the solution was
measured by UV/Vis and converted with a calibration curve (Figure 13).
The percent release and partition coefficient of dye to surrounding aqueous solutions were
obtained by submerging the dye-containing PEC films into 5 mL of water, 0.2 M and 0.4 M of NaCl,
KCl, NaBr, and KBr, respectively, for 8 weeks. The partition coefficient in the film-solution system
was defined as the molar ratio of dye in films and in solution.
Similarly, for the uptake experiments, dye-free PEC films were submerged in 1 mM total dye
solution in 0 and 0.4 M KBr solutions, respectively, and the Cdye was monitored with the well plate
reader. The final Cdye in the films was determined with UV/Vis. The Cdye that remained in or was
absorbed by the films was determined by dissolving the entire film in 2-5 mL of 2 M KBr solution
followed by UV/Vis measurement.
3.19 Uptake of Dyes by the Electrospun Fiber Mat and the Simulation Methods
Dye-free PEC fiber mats (20 mg, ~1×2 cm, and ~30 µm in thickness) were held in inert
polypropylene chemical-resist mesh (9× 9 mesh, 9275T28, McMaster-Carr) and placed against the
inner wall of a well (12-well plate, Fisher Scientific) in 3 mL of BBG and FG solution (0.12, 0.09,
0.06, and 0.03 mM) for 13 hr. A microplate reader was used to measure the concentration of dye
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in each well every 5 min with continuous orbital shaking at 205 RPM. The concentration of dye for
BBG was read using an absorbance of 450 nm while FG was measured at 471 nm. Conversion
from absorbance to dye concentration was performed using an experimentally determined
calibration curve (Figure 13).
We looked for the diffusivities (D) and the partition at equilibrium (𝒦𝒦) of BBG and FG from
solution into PEC fibers by calculating the evolution of the dye concentration in a fiber C(r,t) using
a two-parameter, transient, radial diffusion model in a cylindrical fiber of radius R and length L (R
≪ L), where r = 0 corresponded to the axis of the cylindrical fiber. We assumed that the fiber radius
R (0.8 µm) was uniform along the length of the fiber and that R did not change over time, in a quasisteady-state sense for the fiber geometry. Length (1.5 × 105 m) was estimated by assuming the

total volume of fibers to be 0.3 mL. The two model parameters, used as fitting parameters in fitting
experimental data according to numerical calculation results based on the model, were the complex
diffusivity, 𝒟𝒟 , and the partition coefficient at equilibrium, 𝒦𝒦 . 𝒟𝒟 was defined as the apparent

diffusivity D (dye diffusion in the fiber) divided by R2, where D depended solely on the dye, i.e., D
was a weak function of only the dye concentration in the solution, reaching a truly constant value
when the dye concentration in the solution reached a steady state. And 𝒦𝒦 was defined as the ratio

of the dye in the fiber/solution interface, provided by the surface concentration at r = R. We
assumed that thermodynamic equilibrium at the interface was reached over a time scale that was
much shorter than the time scale for dye diffusion in the fiber. Thus, the diffusion equation for dye
concentration field evolution in the fiber was expressed in Equations 15-18:
𝜕𝜕𝜕𝜕(𝑟𝑟, 𝑡𝑡)
1 𝜕𝜕
𝜕𝜕𝜕𝜕
= 𝒟𝒟
(𝑟𝑟 )
𝜕𝜕𝜕𝜕
𝑟𝑟 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

Equation 15

C (r ,=
t 0)= 0 as initial condition

Equation 16

∂C (r =
0, t )
= 0 as boundary condition
∂r

Equation 17

𝐶𝐶(𝑅𝑅, 𝑡𝑡) = 𝒦𝒦 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 (𝑡𝑡) = 𝒦𝒦 �𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 (𝑡𝑡 = 0) −
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1 𝑅𝑅
� 𝐶𝐶(𝑟𝑟, 𝑡𝑡)2𝜋𝜋𝜋𝜋 𝑑𝑑𝑑𝑑�
𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠 0

Equation 18

Equation 17 is a condition of axisymmetry and boundedness and Equation 18 expresses an
overall mass balance that relates the concentration of dye remaining in the solution to the
concentration of dye in the fiber. In the experimental setup, 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 (𝑡𝑡 = 0) is the initial dye
concentration in solution and 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠 was the volume of the solution which was 3 mL. We assumed

that the concentration of dye in the solution surrounding the fibers was uniformly distributed due to

continuous mixing and that the resistance for dye convective transport in the solution was much
lower than the resistance for dye diffusion in the fiber. 𝒟𝒟 and 𝒦𝒦 were fitting parameters determined
through least-squares curve fitting of the experimental data by simulation results according to the

above transient radial diffusion model. The errors in the computed values of 𝒟𝒟 and 𝒦𝒦 were
estimated by calculating the variance-covariance matrix of the regression coefficients. The

numerical simulations were done in MATLAB (Appendix A) and demonstrate that the above
diffusion model provides an excellent description of the experimental measurements. The errors in
the computed values of 𝒟𝒟 and 𝒦𝒦 are estimated using the Monte Carlo method with 30
simulations.151

3.20 Lyophilization
Dry chemical species were prepared by freezing a liquid or gel-like sample at -80ºC freezer
(TSE320D -86°C Upright Freezer, Thermo Fisher Scientific) overnight followed by lyophilization
(Labconco, FreeZone Plus 2.5 Liter Cascade Console Freeze-Dry System, Kansas City, MO)
overnight under -80ºC and 0.008 mbar condition for complete removal of water or evaporative
solvent. Solid samples were directly lyophilized.
3.21 Fourier Transform Infrared Spectrometer (FTIR) Characterization
Attenuated total reflectance Fourier transform infrared spectrometer (ATR-FTIR, Platinum
ATR, Bruker Alpha) was used to verify the presence of covalent chemical bonds representing the
presence of different species. Instant background spectrum was measured prior each time of
measurements of the same day. An average of 24 scans were taken for each spectrum. Samples
were measured in duplicates. In CHAPTER 4, lyophilized PSS and PDADMAC solids, lyophilized
coacervates, and as-spun PEC fibers were prepared. In CHAPTER 5, fiber samples were prepared
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to examine for the presence of PSS, PDADMAC, BBG, and FG dyes in the as-spun PEC fibers
from dye-encapsulated coacervates. In CHAPTER 5, lyophilized PSS and PDADMAC polymers,
PEC fibers, as-received BBG and FG, as well as the BBG- and FG-containing PEC fibers were
examined. Coacervate samples were prepared using 0.5 M PSS/PDADMAC in 1.5 M KBr and both
the presence and absence of 15 mM total dye concentration. Electrospinning conditions were 1
mL/hr, 14 kV, and 20 cm.
3.22 Thermal Gravimetric Analysis (TGA) Characterization
Thermal gravimetric analysis (TGA, Q50, TA Instruments, New Castle, DE) was also utilized to
characterize the thermal stability of chemical species. All TGA samples were measured in duplicate
from 30°C to 800°C with a 10°C/min ramp to ensure reproducibility. A clean, dry platinum pan was
used to hold the samples for each run. Nitrogen served as balance gas and sample gas. All samples
were measured in duplicate.
3.23 Chemical Stability Test
As-spun PEC fibers were submerged in a library of commonly used organic solvents, including
acetone, chloroform, DCM, DMF, DMSO, ethanol, ethyl acetate, hexane, methanol, TFE, THF, and
toluene; aqueous buffer solutions, including pH = 4.0, 7.0, and 10.0 solution, and KBr solutions of
increasing concentrations of 0.1, 0.2, 0.3, 0.4, 0.5, 1.0 and 1.8 M for 60 days. PEC fibers were
removed from the solutions and air dried before SEM was used to confirm the retention of fibrous
morphology.
3.24 Statistical Analysis
Statistical differences between fiber diameters (n = 90 or 250) were determined using an
unpaired t-test with values of p ≤ 0.05 considered to be statistically significant.149
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CHAPTER 4
COMPLEX COACERVATION: CHEMICALLY STABLE FIBERS ELECTROSPUN FROM
AQUEOUS POLYELECTROLYTE SOLUTIONS
This chapter was adapted with permission from Meng, X.; Perry, S.L.; Schiffman, J.D.
Complex Coacervate Phase Behavior and Fiber Formation. Macromolecules, 2017, 6 (5), 505511. Copyright 2017 American Chemical Society.
4.1 Abstract
In this study, we provide the first
demonstration
coacervates

that
can

be

aqueous

complex

electrospun

into

chemically robust polyelectrolyte complex
(PEC) fiber mats. PECs form due to
electrostatic

complexation

between

oppositely-charged polymers. Here, we exploit the ability of salt to plasticize PECs, thus enabling
the electrospinning of solid fibers. Electrospinning solutions were composed of a pair of strong
polyelectrolytes, poly(4-styrenesulfonic acid, sodium salt) and poly(diallyldimethyl ammonium
chloride) using potassium bromide as the plasticizing salt. We systematically investigated the effect
of salt concentration and electrospinning apparatus parameters on fiber formation. Electrospun
PEC fiber mats were stable over a wide range of pH values, ionic strength conditions, and many
organic solvents. This study demonstrates that the electrospinning of aqueous complex
coacervates can generate chemically-robust, free-standing PEC fiber mats while circumventing the
reliance on organic solvents, the challenge of working with entangled polyelectrolytes in solution,
and the need to chemically crosslink the as-spun fibers. These PEC fiber mats hold potential in
applications where environmentally benign fiber mats are imperative, such as tissue engineering
scaffolds and water purification technologies.
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4.2 Introduction
Electrospinning is a well-established technique used to produce non-woven fiber mats for a
variety of applications, such as tissue engineering scaffolds, nanofiltration membranes, and battery
materials.18,23,152,153 Electrospun fiber mats are comprised of randomly accumulated nano- or
microscale diameter fibers, which have microscale interstitial spacing, large surface-to-volume
ratios, high specific surface area, and interconnected porosity.2,154,155 Although mats have been
electrospun from over 100 different polymers,152 green processing has remained a challenge.
Much of the difficulty associated with green processing of electrospun mats stems from the
poor solubility of most polymers in water. Additionally, empirical evidence suggests that a minimum
polymer concentration is required for fiber formation.24,57-60,63,64 Neutral polymers form beaded
fibers at the entanglement concentration, whereas continuous, bead-free fibers form at ≥2.5×the
entanglement concentration.57,58,63 However, the number of neutral, water-soluble polymers is
extremely limited. In contrast, most water-soluble polymers are charged polyelectrolytes.
Unfortunately, due to the repulsive forces between like charges along the polymer chains,
polyelectrolyte solutions in the absence of salt have significantly higher viscosities than neutral
polymer solutions prepared at the same polymer concentration. Despite their higher viscosity,
polyelectrolyte solutions do not form fibers until 8× the entanglement concentration.63 For instance,
a cationic polymer solution of moderate molecular weight (148,000 g/mol) that is 8 × the
entanglement concentration would have a viscosity of >170,000 P, or 100× that of peanut butter,
which is too viscous for an advancement pump to extrude.57 While the use of salt to alter precursor
solution rheology has been reported,156,157 the most common approach for circumventing these
incredibly high viscosities is to blend a neutral polymer, such as poly(ethylene oxide) (PEO), into
the electrospinning precursor solution.67,74-76 Adding a neutral polymer increases the polymer
concentration, and thus chain entanglement, without causing a dramatic increase in the solution
viscosity.7,59 However, nearly all reports on the electrospinning of polyelectrolytes, whether with salt
or neutral polymers, still utilize toxic solvents for the spinning process, and often require
crosslinking agents to make the mats chemically robust.46,48,156,158 Solvents and crosslinkers are
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serious cytotoxicity concerns that have prevented water-soluble polymer-based fiber mats from
being widely integrated into advanced materials.
Inspired by other polyelectrolyte research (e.g., layer-by-layer films159,160), investigators have
attempted to electrospin mixtures of oppositely-charged polymers from a single spinneret; however,
electrostatic interactions between the oppositely-charged polymers caused the solutions to
crosslink in situ, clogging the needle and preventing spinning.24,59 To-date all successful reports on
electrospinning polyelectrolyte complexes have either used pH to neutralize the charge on one
polymer during spinning, toxic solvents that denature the naturally charged polymer, or a
challenging dual-spinneret method where two polyelectrolyte/PEO solutions were advanced using
a parallel arrangement.13,71 In contrast to the solid polyelectrolyte complexes (PECs) typical of
layer-by-layer films, complex coacervates are dense, polyelectrolyte-rich liquids that result from the
electrostatic complexation of oppositely-charged polymers or other macro-ions in water, Figure
15.83,91,92,99,130,161,162 Their self-assembly is driven by both electrostatics and entropy, and can be
controlled by parameters including the relative concentration of the charged polymers, polymer
chain length, chemistry of the charged species, ionic strength, and pH value.99,102,161,163-165 From an
application standpoint, the low surface tension of coacervates with water99 has facilitated the utility
of these materials for encapsulation in the food and personal care industries,166-174 drug and gene
delivery,92,108,175 and as underwater adhesives.176 However, the liquid nature of complex
coacervates have limited their utility in applications where a solid material is required such as,
filtration membranes and wound dressings.

Figure 15. A schematic overview of the process used in this study to electrospin the coacervate
phase to form polyelectrolyte complex (PEC) fiber mats. Photograph shows the electrospinning
precursor solution of complex coacervates formed from poly(4-styrenesulfonic acid, sodium salt)
(PSS) and poly(diallyldimethyl ammonium chloride) (PDADMAC) in aqueous potassium bromide
(KBr). The dense, polymer-rich complex coacervate phase is in equilibrium with the polymer-poor
supernatant. A standard single-spinneret electrospinning apparatus was used. The scanning
electron microscope (SEM) micrograph displays as-spun PEC fibers electrospun from
PSS/PDADMAC coacervate in 1.60 M KBr.
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Efforts by Schlenoff et al.78,95,144,177 demonstrated that decreasing amounts of salt can be used
to plasticize liquid coacervates and enable a transition from a processable liquid state to solid rods
or films. The fully aqueous nature of coacervate-based materials circumvents the need for
purification or post- processing to remove toxic organic solvents, while the strong electrostatic
interactions driving the self-assembly of these materials result in exceptionally stable and solvent
resistant solid PECs.78,95,144,177 Here, for the first time, we demonstrate the electrospinning of fiber
mats from aqueous coacervates.
4.3 Results and Discussion
Electrospinning was performed using a traditional single-nozzle spinneret set-up, Figure 15.
The specific coacervates used as the precursor solution were composed of the model saloplastic
system, poly(4-styrenesulfonic acid, sodium salt) (PSS) and poly(diallyldimethyl ammonium
chloride) (PDADMAC) with potassium bromide (KBr) salt.78,95,144,177 Coacervates were prepared
from bulk solutions at a 1:1 molar ratio of two the strong polyelectrolytes at a total concentration of
0.045M, on a monomer basis. The capability of coacervates as a new precursor solution was
studied under a wide range of conditions of different apparatus and solution properties. We also
examined the chemical composition of the PEC fibers, their subsequent fibers stability in organic
solvents and heat, as well as the mechanical properties of the PEC fibers mats and films.
4.3.1 Apparatus Effect of Electrospinning Coacervates
Continuous, cylindrical PEC fibers were successfully electrospun from an incredibly large range
of operating conditions, Figure 16. The surface of all as-spun PEC fibers was smooth except for
the presence of salt crystals, which quickly dissolved after rinsing with water, which would be
discussed later. Notably, the trends from our systematic investigation into apparatus parameters
were consistent with reports from literature.42,43,178 Both the average fiber diameter and the
distribution of fiber diameters decreased with increasing spinneret-to-collector distance and
increasing applied voltage. For example, the PEC fibers electrospun using a spinneret-to-collector
distance of 10 cm and an applied voltage of 6 kV had the largest average fiber diameter and
greatest size variation (7.0 ± 4.6 µm), while the fibers with the smallest average fiber diameter (2.4
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± 0.8 µm) were electrospun using the furthest separation distance of 20 cm and the highest applied
voltage of 16 kV, Figure 16b-d. These results are consistent with literature reports, wherein
increased jet whipping/bending time and/or increased electrostatic forces produce thinner
fibers.42,43,178

Figure 16. (a) SEM micrographs of as-spun PEC fibers as a function of applied voltages and
spinneret-to-collector distances. Fiber diameter distribution as a function of applied voltages and
spinneret-to-collector distances (b) 10 cm, (c) 15 cm, and (d) 20 cm are displayed in a box plot
along with the average fiber diameter (center line) and standard deviation (top and bottom), n = 90.
An asterisk (*) denotes 95% significance between PEC fibers electrospun using an applied voltage
of 16 kV and lower voltages within each figure. All fibers were electrospun from PSS/PDADMAC
coacervate in 1.60M KBr and analyzed prior to rinsing.
4.3.2 Solution Effect Of Electrospinning Coacervates
Looking beyond apparatus parameters, polymer concentration is one of the most common
variables for modulating fiber formation because of the direct relationship between polymer
concentration, solution viscosity, and/or the extent of chain entanglement.42,43,178,179 However, the
concentration of polymer in the self-assembled, liquid-liquid phase-separated coacervate phase is
thermodynamically coupled with salt concentration and cannot be modulated independently,
Figure 17a. A sample prepared at a concentration within the two-phase region would phase
separate along tie-lines to form a polymer-poor supernatant and a polymer-rich coacervate phase.
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Thus, increasing the total polymer concentration present in the initial preparation would not result
in a commensurate increase in polymer concentration in the coacervate phase, but would alter the
fraction of the resulting mixture which is coacervate vs. supernatant, i.e., the lever rule. Due to the
shape of the phase diagram, a more effective strategy for varying the concentration of polymer in
the coacervate phase is to vary the salt concentration. An increase in salt concentration within the
two-phase region, would result in a decrease in the polymer concentration, and a commensurate
decrease in viscosity, Figure 17a.

Figure 17. (a) A schematic representation of the thermodynamic phase diagram, or binodal curve,
for complex coacervation, as a function of salt concentration and total polymer concentration (for a
given polymer composition, solution conditions, and temperature), defining the boundary between
the two-phase region of coacervation (beneath the curve) and the single-phase solution region
(above the curve). A sample prepared at a concentration within the two-phase region (blue circle)
would phase separate along (dashed) tie-lines to form a polymer-rich coacervate phase and a
polymer-poor supernatant phase. (b) SEM micrographs of the as-spun PEC fibers (unrinsed) as a
function of increasing salt concentration (electrospinning conditions: 16 kV and 20 cm). (c) Semilog plot of average fiber diameter as a function of salt concentration. Error bars indicate one
standard deviation, n = 90. The line indicates an exponential fit to the data.
Consistent with the literature, we observed the formation of liquid coacervates when the salt
concentration was between 1.20 M and 1.75 M KBr. Within this range, we successfully electrospun
smooth, continuous fibers from coacervates formed from 1.50 M to 1.70 M KBr, Figure 17b. Below
1.50 M KBr, the coacervates were too viscous to extrude through the spinneret, while above 1.70
M KBr the cloudy coacervate was too thin to be centrifuged down or separated from the supernatant
for further processing. A plot of fiber diameter as a function of salt concentration shows an
exponential decrease in fiber diameter with increasing salt concentration, Figure 17c, which agrees
with previous literature reports describing the relationship between coacervate viscosity and salt
concentration.78
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4.3.3 Chemical Compositions and Thermal Stability of the As-spun PEC Fibers
Fourier transform infrared (FTIR) spectroscopy was used to confirm the presence of both
polymers in the as-spun PEC fibers, Figure 18a. The characteristic PSS peaks (highlighted in blue)
come from the sulfonic group, which has asymmetric vibrations at 1181 and 1125 cm-1 and
symmetric vibrations at 1037 and 1008 cm-1. The characteristic PDADMAC peak (highlighted in
red) is the –C-H bending vibration (1469 cm-1). Characteristic peaks for both species are observed
in the coacervate sample and the resulting electrospun PEC fibers. Our findings for the thermal
stability of PEC fibers are consistent with the previous reports on the thermal stability of PECs.177
PEC fibers display a gradual weight loss around 300°C and it is likely that the remaining mass (~50
wt%) observed at 700°C is due to residual KBr and decomposition products associated with
PSS.180-182 The as-spun PEC fibers decompose at a lower temperature than the lyophilized
coacervates, potentially because of their very high surface-to-volume ratio which facilities heat
transfer.

Figure 18. The (a) FTIR and (b) TGA analysis of (black) as-spun PEC fibers (unrinsed) prepared
from coacervates in 1.60 M KBr (electrospinning conditions: 16 kV and 20 cm), (orange) the
lyophilized electrospinning precursor solution of PSS/PDADMAC coacervate in 1.60 M KBr, as well
as the lyophilized bulk (blue) PSS and (red) PDADMAC polymers.
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4.3.4 Chemical Stability of the As-spun PEC Fibers
One of the most significant challenges associated with mats electrospun from water-soluble
polymers is the poor stability of the fibers. Rather than relying on chemical crosslinking or other
post-processing strategies, the saloplasticity of complex coacervates enables the direct formation
of extremely robust fibers. After rinsing the as-spun PEC fibers with water, salt crystals on the
surface of the fibers dissolve (Figure 19). Notably, immersing the PEC fibers in aqueous buffers
(pH value = 4.0, 7.0, 10.0), aqueous KBr solutions, or a wide range of organic solvents (acetone,
chloroform, dichloromethane, dimethylformamide, dimethyl sulfoxide, ethanol, ethyl acetate,
hexane, methanol, tetrahydrofuran, and toluene) for 60 days did not dissolve the fiber mats, (Figure
19). The highly fluorinated solvent, 2,2,2-trifluoroethanol (TFE), visually reduced the overall mat
porosity, though filament patterns were still visible. Possible morphology changes, such as fiber
fusion and an apparent decrease of inter-fiber spacing appear in the micrographs for PEC fibers
submerged in polar solvents, such as methanol, dimethyl sulfoxide, and dimethylformamide.
However, such morphological changes may be artifacts associated with sample manipulation, and
a thorough characterization of the fiber mat porosity and surface area is beyond the scope of the
current work; more important is the fact that PEC fibers remained intact as solid fiber mats during
stability testing. This resistance to dissolution by organic solvents was expected from the long
history and intractable nature of solid PECs to solvent processing.28,78,152,159 The stability against
pH variation was expected because both PSS and PDADMAC are strong polyelectrolytes. Salt
resistance was also consistent with the observed saloplastic behavior of materials formed from
PECs. Fibers start fusing together when immersed in KBr solutions above 0.2 M, and we observed
a significant loss in fiber mat porosity and the crisp distinction between individual fibers above 0.4
M KBr.

45

Figure 19. SEM micrographs comparing as-spun PEC fibers to PEC fibers after rinsing in water,
showing the smooth fiber morphology present after the dissolution of KBr crystals. Inset
micrographs show PEC fibers after a 60-day immersion in various organic solvents, buffers, and
salt solutions. All fibers were electrospun from coacervates in 1.60M KBr (electrospinning
conditions: 16 kV and 20 cm). Scale bars in the inset micrographs are 50 µm.
4.3.5 Mechanical Properties of the PEC Fiber Mats
We also performed an upward, uniaxial tensile test on the as-spun PEC fiber mats and the
rinsed PEC fiber mat (Figure 20). The as-spun fiber mat was comprised of randomly accumulated,
non-woven fibers. Therefore, when force was applied to pull the fiber mat in a single direction, the
stress was first stored in the non-woven fiber network, as shown in the elastic region before ~5%
strain. After reaching the yield stress, the fibers started to realign along the force direction to
dissipate stress, leading to a non-reversible breaking processing until the fiber was disrupted in half
slowly (Figure 20a). On the other hand, rinsing would expose the electrostatic sites on the polymer
to enable active electrostatic interactions between fibers, thus crosslinking the fiber mat. As a result,
the yield strength would be largely enhanced, but the stress can be born throughout the crosslinked
fiber mat. The yield strain would be much smaller since the only way to release the tensile stress
was to rupture the film (Figure 20b). More tensile strength properties of the as-spun and the rinsed
PEC fiber mats were tabulated in Table 3.
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Figure 20. A sample representation of the mechanical tensile strengths results from (a) the asspun PEC fiber mat and (b) the rinsed PEC fiber mat prepared by electrospinning the
PSS/PDADMAC complex coacervates in 1.6 M KBr. The electrospinning conditions were 1 mL/hr,
14 kV, and 20 cm. The digital photographs inset were the corresponding fiber mat. The average
yield stress and strain, young’s modulus, failure strain are tabulated in Table 3.
Table 3. The tensile strengths properties of the as-spun PEC fiber mat and the rinsed PEC fiber
mat, inclosing the yield stress and strain, Young’s modulus, failure strain, roughness, and the
average thickness, and their values normalized by fiber mat density.
As-spun PEC Fiber Mat

Rinsed PEC Fiber Mat

Yield stress (kPa)

159.38 ± 25.60

7.13 ± 1.61×105

Young’s modulus (MPa)

1.95 ± 0.53

2.36 ± 0.75×104

Yield strain (%)

8.56 ± 2.04

3.13 ± 0.60

Failure strain (%)

39.11 ± 11.42

39.11 ± 11.42

Toughness (kPa)

21.01 ± 6.85

1.00 ± 0.30×104

Avg thickness (um)

48.05 ± 1.35

49.4 ± 2.31

723.46 ± 137.87

2.72 ± 0.66×106

8.87 ± 2.57

8.98 ± 2.98×104

95.39 ± 32.60

3.81 ± 1.19×104

Yield stress/density
(kPa/(g/cm3))
Young’s modulus/density
(MPa/(g/cm3))
Toughness/density
(kPa/(g/cm3))

The ability to electrospin complex coacervates directly from an aqueous solution is a significant
achievement that would not have been anticipated based on previous results from the
electrospinning community. The success of our experiments was also somewhat unexpected
because of the physical understanding that sufficient levels of chain entanglement are required for
electrospinning.57,58,63 Based on the molecular weight of the polymers used in this study and the
concentration of polymers in the coacervate phase, we should not have achieved the high levels of
entanglement typically required in a successful electrospinning experiment.64,92 While ongoing
efforts include a rigorous rheological characterization of the stress relaxation behavior and level of
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entanglements for the present system,91,130 we propose that the cooperative, inter-polymer
electrostatic interactions driving coacervation and polyelectrolyte complexation provide an
analogous level of connectivity and slow polymer chain dynamics. Thus, it may be possible to
electrospin coacervates composed of significantly shorter polymers than would be achievable via
traditional methods of electrospinning single polymer or blended polymer solutions.
4.4 Summary
In summary, we report the first demonstration that solid PEC fibers can be electrospun directly
from liquid complex coacervates in an aqueous solution, using a model system of PSS and
PDADMAC. Chemically and thermally robust fiber mats can be formed using an extremely broad
range of electrospinning apparatus parameters, including low applied voltages and spinneret-tocollector distances. Electrospinning of saloplastic complex coacervate-based materials has
tremendous potential as a green processing strategy that can serve as the basis for developing a
new class environmentally benign fiber scaffolds for use in applications, such as wound healing,
water remediation, catalysis, and food packaging. However, to fully realize the potential of these
materials, key fundamental questions regarding the underlying physics and limitations of this
approach must be addressed, particularly with regards to the effect of polymer molecular weight
and other molecular-level details on the thermodynamic and/or kinetic behavior of the system.

48

CHAPTER 5
ELECTROSPINNING CARGO-CONTAINING POLYELECTROLYTE COMPLEX FIBERS:
CORRELATING MOLECULAR INTERACTIONS TO COMPLEX COACERVATE PHASE
BEHAVIOR AND FIBER FORMATION
This chapter was adapted with permission from Meng, X.; Schiffman, J.D.; Perry, S.L.
Electrospinning Cargo-Containing Polyelectrolyte Complex Fibers: Correlating Molecular
Interactions to Complex Coacervate Phase Behavior and Fiber Formation. Macromolecules,
2018, 51 (21), 8821–8832. Copyright 2018 American Chemical Society.
5.1 Abstract
We present the first demonstration of
the direct encapsulation of cargo into
polyelectrolyte complex (PEC) fiber mats.
This approach takes advantage of the
intrinsic self-assembly characteristics of
complex coacervates to simplify the formulation requirements to electrospin fibers containing a high
loading and an even distribution of cargo. Two families of structurally similar fluorescent dyes were
used as model cargo of varying hydrophobicity and charge and were encapsulated into coacervates
of poly(4-styrene sulfonic acid, sodium salt) and poly(diallyldimethyl ammonium chloride). The
coacervate phase behavior, dye partitioning, and resulting fibers were systematically investigated
as a function of dye and salt concentration. Strong partitioning was facilitated by favorable
electrostatic and π-π interactions but was adversely affected by increased salt. We further identified
that dye and salt interactions can be treated as independent control parameters to modulate the
properties and electrospinnability of the coacervate precursor solutions. These findings facilitate
the use of electrospun PEC fibers in applications related to biomedicine, energy, and separations
where cargo-loaded mats are needed.
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5.2. Introduction
Electrospinning enables the fabrication of highly porous mats comprised of fibers with large
surface area-to-volume ratios that can be easily tailored for a specific application.1,2,12 Fiber mats
used in advanced medical applications, such as wound dressings,5,6,8,9,11,12 tissue engineering
scaffolds,183 and drug delivery platforms6,73,184-186 benefit from having active agents incorporated
within the fibers. While a variety of strategies exist to incorporate active agents into electrospun
fibers, the methods can be challenging to implement on an industrial scale. For example, core/shell
electrospinning requires optimizing the rheology of two fluids,9,44,55,187,188 whereas layer-by-layer
deposition is a discontinuous post-processing strategy.186,189 Notably, the incorporation of active
agents inside fibers oftentimes requires surfactants, toxic organic solvents, and results in a low
loading of the encapsulated cargo.5,190-192 “Greener” methods for electrospinning fiber mats without
organic solvents with a high loading of small molecule cargo are needed.
Recently, we demonstrated that polymer-based complex coacervates could be electrospun into
polyelectrolyte complex (PEC) fibers using an entirely water-based methodology.39 Complex
coacervation is an associative liquid-liquid phase separation that occurs due to the electrostatic
and entropic interactions between oppositely-charged macro-ions in water.64,78,79,97,99 The selfassembly, phase behavior, and properties of the resulting dense, polymer-rich coacervate phase
can be controlled by proper parameter selection, including the relative concentration of the charged
polymers, polymer chain length, chemistry of the charged species, ionic strength, and
pH.78,99,102,161,163,164,193 Our first report demonstrated that the polymer-rich coacervate phase could
be directly used as a precursor solution and electrospun into PEC fiber mats.39 One interesting
consequence of the strong electrostatic attractions driving complexation is the excellent stability of
our PEC fibers against both heat and dissolution in a broad range of organic solvents and pH
conditions.39
A critical observation in our initial work was the interplay between coacervate phase behavior
and the electrospinnability of the resulting materials. While complex coacervates have a
tremendous history of applications related to encapsulation of both hydrophobic and hydrophilic
cargo,81,83,109,110,116,166,194-198 there have been few systematic studies that investigate how the
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molecular properties of small molecules drive encapsulation and/or modulate the phase behavior
and properties of the coacervate itself.199 Recent work by Zacharia and coworkers demonstrated
the importance of charge and hydrophobicity in driving the partitioning of small molecule dyes into
various polymer-based coacervates.119-122 However, it remains unclear how subtle variations in the
chemistry of the cargo molecules would modulate encapsulation, or how the incorporation of
molecules would affect the electrospinnability of the resulting coacervates.
Here, we utilized a panel of six water-soluble fluorescent dyes (Figure 21) as model cargo to
systematically examine how changes in the chemical structure and properties of structurally similar,
small molecules would affect their encapsulation into complex coacervates formed from poly(4styrenesulfonic acid, sodium salt) (PSS) and poly(diallyldimethylammonium chloride) (PDADMAC)
in potassium bromide (KBr) solutions. We further explored how the presence of the various cargo
molecules altered the phase behavior, properties, and subsequent electrospinnability of the
resulting coacervates (Figure 22).

Figure 21. Chemical structures of (a) brilliant blue G (BBG), (b) fast green FCF (FG), (c) fluorescein
sodium salt (FS), (d) rhodamine 123 (R123), (e) rhodamine 6G (R6G), and (f) rhodamine B (RB).
Charges are labeled based on the ionized form of the dyes in a pH = 7.2 solution. Counterions
have been left off for simplicity. A detailed comparison between dyes is provided in Table 4.
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Table 4. The charged groups present on the dye molecules used in this study. In an aqueous
solution at pH 7.2 the listed functional groups are assumed to be fully ionized.
BBG

FG

FS

R123

R6G

RB

Sulfonate (-)

2

3

0

0

0

0

Carboxylate (-)

0

0

1

0

1

0

Phenoxide (-)

0

0

1

0

0

0

Quaternary Amine (+)

1

1

0

0

0

1

Ternary Amine (+)

1

1

0

0

1

1

Secondary Amine (+)

1

0

0

1

1

0

Primary Amine (+)

0

0

0

1

0

0

Net Charge At Ph = 7.2

(+) 1

(-) 1

(-) 2

(+) 2

(+) 2

(+) 2

Total Number Of Charged Groups

5

5

2

2

3

2

Molar Mass/Total Charge

171

162

188

190

159

240

H-Donor Count

1

1

0

2

2

1

H-Acceptor Count

9

11

5

5

5

5

Figure 22. A schematic of the process used to electrospin the coacervate phase into polyelectrolyte
complex (PEC) fiber mats. Dye-free complex coacervates composed of poly(4-styrenesulfonic acid,
sodium salt) (PSS), poly(diallyldimethyl ammonium chloride) (PDADMAC), and potassium bromide
(KBr) in water, and coacervates containing brilliant blue G (BBG), fast green FCF (FG), fluorescein
sodium salt (FS), rhodamine 123 (R123), rhodamine 6G (R6G), and rhodamine B (RB) were
electrospun. The polymer-rich coacervate phase was used as the electrospinning precursor
solution. The SEM and fluorescence micrographs show FS-containing PEC fibers.
5.3 Results and Discussion
The goal of this work was to establish a rational framework for (i) understanding the
incorporation of small water-soluble molecules, i.e., fluorescent dyes, into complex coacervates,
(ii) determining how cargo encapsulation affects the phase behavior of the coacervates, and (iii)
unveiling if cargo encapsulation influences the electrospinnability of polyelectrolyte complex (PEC)
fibers. While previous reports have investigated the encapsulation of dyes into liquid complex
coacervates, much of this work has compared the encapsulation of dyes with either vastly different
properties, i.e., charged vs. neutral, and/or significant differences in chemical structure.119-122,200
Here, our goal was to elucidate how subtle chemical differences between dye molecules can
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modulate the encapsulation of dye into complex coacervates and the subsequent electrospun fibers
using PSS/PDADMAC in KBr solution as a model system.
5.3.1 Encapsulation of BBG and FG as a Function of Dye Chemistry and Concentration
To begin with, we examined the encapsulation of increasing amounts of two relatively large
fluorescent dyes that have similar chemical structures, brilliant blue G (BBG) and fast green FCF
(FG) (Figure 21a-b and Table 4). We observed strong partitioning of both dyes into the polymerrich coacervate phase and an increase in dye concentration within the coacervate phase when the
overall dye loading was increased (Figure 23c). This result was consistent with previous reports,
which suggested that relatively hydrophobic polymers favor the uptake of hydrophobic dyes.119122,200

Interestingly, very high levels of encapsulation efficiency were demonstrated with no

significant variation over the range of concentrations examined for both dyes (~95%, Figure 23d);
however, dramatically different partitioning of the dyes into the coacervate phase was observed as
a function of dye loading (Figure 23e). We observed a significant increase in the partition coefficient
of BBG with increasing dye concentration, while the partitioning of FG decreased over the same
range.
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Figure 23. (a) Digital photographs of a dye-free PSS/PDADMAC coacervate sample alongside
samples containing increasing amounts of BBG and FG (0.03-0.15 mM dye). (b) The volume
fraction of the coacervate (COAC) and supernatant (SNT) phases as a function of increasing dye
concentration. The solid back line indicates the volume of the two phases for a dye-free coacervate.
Plots of (c) dye concentration in the coacervate, (d) encapsulation efficiency, and (e) the partition
coefficient (dye concentration ration in coacervate/supernatant) as a function of increasing dye
concentration. (c-e) Open circles (at or above 20 mM BBG) indicate the presence of precipitated
polymer/dye aggregates. All samples were prepared with 0.5 M total PSS/PDADMAC, on a
monomer basis in 1.6 M KBr. An asterisk (*) denotes p<0.05 between BBG and FG samples and
error bars denote standard deviation.
At first glance, these two results appear to be inconsistent. How could an increase in dye
concentration lead to different partitioning behaviors, while a similar level of encapsulation
efficiency was maintained? Such a result would be physically impossible if the volume of the two
phases remained constant. However, while increasing amounts of both dyes led to an increase in
the volume of the coacervate phase, these changes were much more dramatic for the case of FG
(Figure 23b,e). Thus, the encapsulation data for FG indicate that the same overall fraction of total
dye was encapsulated into the coacervate phase, while the larger coacervate volume resulted in a
relatively lower dye concentration, and thus, a decrease in the partition coefficient with increasing
dye load.
While the observed changes in coacervate volume explains the numerical differences for
contrasting partitioning, the question remains as to why the two dyes partitioned differently. BBG
and FG have a similar molecular framework, with BBG having a higher total molecular weight. This
difference in hydrophobicity based on molecular size could explain why BBG partitions more
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strongly into the coacervate environment, yet, it did not justify the enhanced swelling of the
coacervate phase and the decrease in partition coefficient for FG. From an electrostatics
perspective, the two dyes have the same total number of charged groups, with BBG having a net
charge of +1 and FG having a net charge of –1. On its own, electrostatics also failed to explain why
the two dyes would partition differently, as the total contribution to the ionic strength of the solution
was the same for BBG and FG. Instead, we consider how combinations of more specific
interactions could lead to the observed partitioning behavior.
By their nature, organic dyes are composed of highly conjugated networks of carbon atoms
that can form attractive π-π interactions with the styrene functionality on PSS. UV/Vis spectra
showed a strong red shift in the maximum absorbance peak for BBG in the presence of PSS,
characteristic of J-aggregation due to π-π interactions, while no such shifts were observed for FG
(Figure 24). Based on this observation, we conclude that the net positive overall charge on BBG
enabled both electrostatic and π-π stacking interactions with the negatively-charged PSS, while
the negative charge on FG prevented such binding. Our data agrees with previous reports that
there are strong π-π interactions between a positively-charged methylene blue dye and PSS and
suggests a pathway for increased dye partitioning at higher loading based on π-π stacking of dyes
with minimal swelling of the coacervate. In contrast, the electrostatic repulsion between FG and
PSS leads to larger excluded volume effects, which drive swelling of the coacervate phase. This
conclusion is further supported by comparing the ratio of monomer units present in the coacervate
phase to the number of dye molecules (Figure 25). Nearly identical trends were observed for BBG
and FG, suggesting that any differences in the volume of the coacervate between these two dyes
must result from excluded volume differences due to the way that the dyes interact with the
polymers rather than swelling due to differences in the number of dye molecules present.
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Figure 24. UV/Vis absorbance spectra for dilute (0.02 mM) (a) BBG and (b) FG in DI water, 1.6 M
KBr, 10 mM PSS, 10 mM PDADMAC, and dye-free supernatant. BBG could not be fully dissolved
in 10 mM PDADMAC solution. UV/Vis absorbance spectra for 0.10, 0.25, and 0.50 mM of (c) BBG
and (d) FG in 10 mM PSS solutions in 1.6 M KBr.

Figure 25. Plots of the ratio of the number of PSS/PDADMAC monomers per dye molecule present
in the coacervate as a function of dye concentration at (a) 1.6 M KBr, (b) 1.5 M KBr, and as a
function of (c) salt concentration with 5 mM BBG and FG. (a) Open circles (at and above 20 mM
BBG) indicate the presence of precipitated polymer/dye aggregates. All samples were prepared
with 0.5 M PSS/PDADMAC, on a monomer basis. Error bars denote standard deviation.
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5.3.2 Encapsulation of Fluorescein and Rhodamine Dyes
We next considered a larger series of chemically similar fluorescent dyes to examine the effect
of more subtle molecular differences on coacervation and dye encapsulation. To this end, we
selected a family of fluorescent dyes: fluorescein sodium salt (FS), rhodamine 123 (R123),
rhodamine 6G (R6G), and rhodamine B (RB) (Figure 21c-f, Table 4). All three of the rhodamine
dyes carry a net positive charge, as in the case of BBG, but incorporate different alkyl moieties. In
contrast, FS has a net charge of –2. Based on our hypothesis from the results with BBG and FG,
the negatively-charged FS should not interact with the PSS, and thus should partition more weakly
into the coacervate phase than the rhodamine dyes. However, it is not obvious how the subtle
structural nuances between the rhodamine dyes would affect uptake and partitioning as both steric
and hydrophobic arguments could be invoked.

Figure 26. (a) Digital photograph of PSS/PDADMAC coacervate samples containing 0.05 mM FS,
R123, R6G, and RB. (b) The volume fraction of the coacervate (COAC) and supernatant (SNT)
phases in the presence of dyes. The solid back line indicates the volume of the two phases for a
dye-free coacervate. (c) UV/Vis absorbance spectra for dyes (0.03 mM) in DI water and dye-free
supernatant. Plots of the (d) dye concentration in the coacervate, (e) encapsulation efficiency, and
(f) the partition coefficient (coacervate/supernatant) for dyes. All samples were prepared with 0.5
M PSS/PDADMAC, on a monomer basis, in 1.5 M total KBr. An asterisk (*) denotes p<0.05
between samples and error bars denote standard deviation.
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Experiments that investigated the loading of rhodamine or FS dye (5 mM total) into
PSS/PDADMAC coacervates in 1.5 M KBr showed significant differences in the ways in which the
dyes partitioned into the coacervate phase, and the extent to which the volume of the coacervate
phase was affected by the presence of the dyes (Figure 26). Uniformly, the rhodamine dyes
exhibited a higher encapsulation efficiency (~90%) than FS (54%), which showed the lowest
efficiency of any of the dyes considered in this study (Figure 26e). However, the measured
concentration of dye in the coacervate phase was only statistically different for R123 (Figure 26d).
Converting from concentration to partitioning, we observed that the partition coefficient of the dyes
between the coacervate and supernatant (Figure 26f) was a combinatorial outcome of the
encapsulation efficiency and the degree of swelling observed for the coacervate phase (Figure
26b), as was observed in the case of BBG and FG. Interestingly, FS incorporation resulted in
minimal swelling of the coacervate, which differed from the outcome observed for FG, whereas
more significant swelling was observed for the strongly partitioning R123, R6G, and RB.
While the low encapsulation efficiency of the negatively-charged FS was expected based on
our results from the BBG and FG experiments, we utilized UV/Vis spectroscopy to check for the
presence of attractive π-π interactions between PSS and the various dyes (Figure 26c). We
observed a negligible shift in the peak absorbance for FS, but a significant red-shift for all three of
the rhodamine dyes, confirming that attractive electrostatic interactions were a prerequisite to
enable π-π stacking between the dyes and PSS. The combination of repulsive electrostatics and
the lack of π-π interactions for FS resulted in a very low dye concentration in the coacervate phase
and therefore less significant swelling of the coacervate phase compared to other dyes.
Interestingly, despite the strong red-shifting of all three positively-charged rhodamine dyes, we
observed significant differences in dye partitioning and swelling of the coacervate phase. R123 had
the strongest partitioning and the lowest swelling, suggesting the closest interaction between the
dye and polymer. We hypothesize that the increased alkylation of the amine groups on R6G and
RB would cause steric hindrance that decreased the effectiveness of the attractive π-π interactions,
while the additional carboxylate group in RB decreased the electrostatic attraction between,
resulting in more significant excluded volume effects. Additionally, we observed a broadening of
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the absorbance peak for R6G, which suggests that the dye exists in a larger distribution of local
electronic environments. Details of peak shifts for all dyes in this study are tabulated in Table 5.

Table 5. Peak absorbance wavelengths for BBG, FG, FS, R123, R6G, and RB in DI water, 1.6 M
KBr solution, 10 mM PSS solution, 10 mM PDADMAC solution, and supernatant. All coacervate
samples were prepared at 0.5 M PSS/PDADMAC in 1.6 M KBr. BBG did not dissolve fully in
PDADMAC solutions. Dye concentration was 0.03 – 0.05 mM for all samples. (NT = Not Tested,
N/A = Not Fully Dissolved)
DI Water
(nm)

1.6 M KBr
solution (nm)

10 mM PSS
solution (nm)

10 mM PDADMAC
solution (nm)

Supernatant
(nm)

BBG

586

594

620

N/A

625

FG

623

626

624

624

628

FS

489

NT

NT

NT

490

R123

500

NT

NT

NT

513

R6G

523

NT

NT

NT

540

RB

554

NT

NT

NT

561

5.3.3 Dye Encapsulation as a Function of Salt Concentration
Thus far, our results have demonstrated that small molecule cargo can have dramatic effects
on the coacervate matrix. For example, the coacervate can swell significantly upon dye
incorporation. For dye-free coacervate systems, similar swelling has been known to occur in the
presence of increasing salt due to osmotic pressure effects.78,79,96,99,201-207 In particular, raising the
salt concentration from 1.4 M to 1.5 M KBr and from 1.5 M to 1.6 M KBr resulted in a 4% and 10%
increase in the coacervate volume fraction, respectively (Figure 27d). Therefore, we also examined
the interplay between dye encapsulation, partitioning, and coacervate swelling as a function of salt
concentration.
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Figure 27. Plots of (a) dye concentration in the coacervate, (b) encapsulation efficiency, and (c)
the partition coefficient (coacervate/supernatant), and (d) the volume fraction of the coacervate
(COAC) and supernatant (SNT) phases in the presence of dyes as a function of KBr concentration.
The solid back line indicates the volume of the two phases for a dye-free coacervate. (e) The excess
volume of the coacervate phase in the presence of dye compared to that of the dye-free coacervate
as a function of the as-prepared KBr concentration. (f) The number of PSS and PDADMAC
monomers per dye present in the coacervate. All samples were prepared with 5 mM total dye
concentration in 0.5M PSS/PDADMAC, on a monomer basis. An asterisk (*) denotes p<0.05
between samples and error bars denote standard deviation.
Across all dyes, regardless of their size, charge, or the details of the chemistry, we observed a
significant decrease in both the concentration of dye present in the coacervate phase and the
partitioning of dye into the coacervate phase as the salt concentration increased from 1.4 M to 1.6
M KBr (Figure 27a). However, varying the salt concentration did not significantly affect the
encapsulation efficiency for any of the dyes, with the noted exception of FS, which showed an
increase in encapsulation efficiency with increasing salt concentration (Figure 27b). These data
suggest that the combination of increased coacervate volume and decreased dye concentration
allowed for the high level of encapsulation efficiency in parallel with decreases in dye partitioning.
A summary of the partitioning results for the dyes used in this study is available in Table 6.
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Table 6. Partition coefficients (coacervate/supernatant) for BBG, FG, FS, R123, R6G, and RB in
coacervates made at various salt and total dye concentrations. All samples were prepared with 0.5
M PSS/PDADMAC.

BBG

FG

FS
R123
R6G
RB

Kbr Concentration (M)

Total Dye Concentration (Mm)

1.6
1.6
1.6
1.6
1.6
1.6
1.5
1.5
1.5
1.4
1.6
1.6
1.6
1.6
1.6
1.6
1.5
1.5
1.5
1.4
1.6
1.5
1.4
1.6
1.5
1.4
1.6
1.5
1.4
1.6
1.5
1.4

2.5
5.0
10.0
15.0
20.0
25.0
5.0
10.0
15.0
5.0
2.5
5.0
10.0
15.0
20.0
25.0
5.0
10.0
15.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0

Partition Coefficient
(Coacervate/Supernatant)
23.1 ± 5.6
31.7 ± 2.5
43.3 ± 1.7
74.8 ± 14.7
51.8 ± 25.0
67.0 ± 27.1
243.6 ± 52.9
18.9 ± 3.9
27.1 ± 3.2
722.9 ± 134.2
10.6 ± 0.9
11.0 ± 4.2
4.1 ± 1.1
4.1 ± 1.0
3.3 ± 1.9
No clear phase boundary
52.5 ± 6.2
21.5 ± 3.4
5.1 ± 0.6
49.6 ± 2.2
2.5 ± 0.1
2.5 ± 0.1
2.2 ± 0.1
13.7 ± 1.2
26.6 ± 1.9
41.0 ± 3.2
5.0 ± 0.4
8.3 ± 0.8
19.4 ± 5.6
8.7 ± 0.8
9.5 ± 3.1
30.6 ± 4.0

Due to the complex interplay between concentration, coacervate swelling, and partitioning, we
calculated the number of monomer units per dye molecule present in the coacervate phase as a
function of salt concentration. Interestingly, we obtained a relatively constant value of ~105
monomers per dye molecule for all of the dye and salt conditions tested, with the exception of FS
(Figure 27f). These results suggest that for many systems, increased salt can be treated as an
independent control parameter to modulate the polymer concentration and viscosity of the
coacervate by enhancing swelling, and that the salt does not compete with dye molecules for
binding sites along the polymers.
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While quantitative and systematic studies that investigate the dye loading and partitioning of
cargo in coacervates are scarce in the literature, Zhao et al. described a decrease in the
encapsulation of a charged dye (methylene blue) with increasing salt concentration.121 Charge
screening arguments as well as shifts in the degree of ionization of the polymer were used to
explain this result.119 However, the salt concentration in our system is an order of magnitude higher
than the previous reports (1.4 M – 1.6 M vs. 0 M – 0.2 M), such that the addition of salt would be
expected to have a minimal impact on charge screening effects. Instead, our data on the
monomer/dye ratio suggests that the observed impact of salt concentration on dye uptake is a
consequence of coacervate swelling (Figure 23b, Figure 26b, and Figure 27e-f).
Both salt and dye have been shown to significantly swell the coacervate phase. Figure 27e
quantifies the percent change, or excess volume of the coacervate phase, relative to the dye-free
case, as a function of salt concentration. In general, we observed volcano-like behavior with a
maximum in the excess volume occurring at intermediate salt concentrations for most of the dyes
(1.5 M KBr). While a maximum was not observed for FG, FS or R6G, the data suggest that such a
peak might be absent due to the lack of attractive interactions or might be shifted to salt
concentrations beyond those investigated in this study. This finding suggests that there may be a
competition between osmotic and excluded volume effects that favor swelling of the coacervate
phase and increases in the hydrophobicity of the coacervate environment are able to resist further
swelling by excluding water and/or facilitating more efficient packing of polymer and dye molecules.
We expect that the presence of dye could alter the location of the phase boundaries for
coacervation as a consequence of these effects. However, specific quantification of the two-phase
region is beyond the scope of the current study.
5.3.4 Electrospinning BBG- and FG-Containing PEC Fibers
We previously demonstrated that dye-free complex coacervates could be electrospun into PEC
fibers (Figure 28 and Figure 29a-c).39 This effort highlighted the importance of harnessing
knowledge of coacervate phase behavior, such as the interplay between polymer and salt
concentration, to achieve successful electrospinning outcomes. Here, our goal was to enable the
direct electrospinning of cargo-containing PEC fibers. Thus, we sought to understand how dye62

induced changes in coacervate phase behavior would affect electrospinning and the subsequent
fiber formation and fiber morphology.

Figure 28. SEM micrograph of dye-free PEC fibers electrospun from 0.5 M PSS/PDADMAC, on a
monomer basis, in 1.5 M KBr. Electrospinning conditions were 1 mL/hr, 14 kV, and 20 cm.

Figure 29. (a) Digital photographs and (b) brightfield and fluorescence micrographs of dye-free
PSS/PDADMAC PEC fibers (left), BBG- (middle), and FG-containing PEC fibers (right). (c) SEM
micrographs of as-spun BBG- and FG-containing PEC fibers as a function of dye concentration.
Dye-free PEC fibers are shown in Figure 27. (d) Fiber diameter distribution for dye-free, BBG-, and
FG-containing PEC fibers as a function of dye concentration. The average fiber diameter and
standard deviation are indicated, n = 250. All fibers were electrospun from 0.5 M PSS/PDADMAC,
on a monomer basis, in 1.6 M KBr. Figures (a) and (b) were electrospun from coacervates
containing 5 mM overall dye concentration. The electrospinning conditions used were 1 mL/hr, 14
kV, and 20 cm, except for the 10 mM (1.25 mL/hr, 18 kV) and 15 mM (1.25 mL/hr, 22 kV) FGcontaining samples.
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We were able to successfully electrospun PEC fibers containing a wide range of dye
concentrations using a single-spinneret electrospinning set-up. It should be noted that the
electrospinning apparatus conditions used in this study were consistent across all samples.
Notably, the same flowrate (1 mL/hr), needle orifice diameter (22-gauge), voltage (14 kV),
spinneret-to-collector distance (20 cm), temperature and relative humidity in the electrospinning
chamber were used throughout all coacervate samples, such that variations in the as-spun fiber
diameter should be dominated by differences in the coacervate precursor solutions rather than the
processing method. Only for coacervates made with 10 and 15 mM total FG concentration, the
flowrate was increased to 1.25 mL/hr and the voltage was increased to 18 and 22 kV, respectively,
to confirm the onset of electrospun fiber formation.
While dye-free PEC fiber mats were white due to the scattering of light, fibers electrospun from
BBG- and FG-containing PSS/PDADMAC coacervates were uniformly blue and green, respectively
(Figure 29a-b). SEM micrographs showed that the fibers have a continuous, cylindrical
morphology, with the fiber surface decorated by salt crystals (Figure 29c), consistent with our
previous work.39 The presence of dye within the electrospun fibers was also confirmed via FTIR
(Figure 30). It is particularly noteworthy that while salt was observed to crystallize out on the
surface of the fibers, the dye was retained in the polymer matrix. Furthermore, we observed that
encapsulated BBG remained in the fibers upon contact with DI water, while a small amount of FG
leached. These results were consistent with the types of attractive or repulsive interactions
observed previously between the two dyes and PSS in the coacervate phase. However, the asspun fibers retain their morphology after submersion in water, regardless of cargo identity.
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Figure 30. FTIR spectra of (a) BBG-containing, FG-containing, and dye-free PEC fibers, as well
as polymers (PSS, PDADMAC) and dyes (BBG, FG). (b) Replotted data from (a) highlighting BBGcontaining and dye-free PEC fibers, as well as BBG dye. (c) Replotted data from (a) highlighting
FG-containing and dye-free fibers, as well as FG dye. Peaks characteristic of BBG and FG are
highlighted. Coacervate samples were prepared with 0.5 M PSS/PDADMAC in 1.5 M KBr in the
presence and absence of 15 mM total dye. Electrospinning conditions were 1 mL/hr, 14 kV, and 20
cm.
We also examined the effect of increasing the concentration of BBG and FG on fiber formation.
Increasing the concentration of BBG in the coacervate precursor solutions from 5 mM to 15 mM
resulted in a mild increase in the coacervate volume from 39% of the total to 43% (Figure 23b).
This slight swelling of the coacervate corresponded to a slight narrowing and shifting of the
distribution of fiber diameters to smaller values with increasing BBG concentration (Figure 29d). In
contrast, FG resulted in much more significant swelling of the coacervate over the same range of
concentrations (42-60% volume fraction increase, Figure 23b). Thus, we hypothesized that the
more swollen FG-containing coacervates would result in smaller diameter electrospun fibers
because of their lower polymer concentrations. Our data support this hypothesis, with samples
prepared from 5 mM FG resulting in significantly smaller and more monodisperse distribution of
fiber diameters than for the case of BBG (Figure 28c,d). Further increases in the FG concentration
resulted in even smaller diameter fibers with a bead-on-string morphology indicative of the onset
of fiber formation (Figure 29c).6,24,41,157,175
We also examined the effect of salt on electrospinnability, examining complex coacervates
prepared at 1.4 M – 1.7 M KBr in the presence of 5 mM BBG or FG (Figure 31). Consistent with
our previous results,39 coacervates prepared at 1.4 M KBr were too viscous to extrude through the
spinneret, even in the presence of dye. In contrast, while dye-free coacervates prepared at 1.7 M
KBr formed smooth, continuous PEC fibers that were ~1.5 µm in diameter,39 the addition of 5 mM
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BBG or FG altered the character of the coacervate phases such that fibers could not be electrospun
using the conditions tested in this study. Thus, our analysis focused on comparing samples
prepared at 1.5 M and 1.6 M KBr.

Figure 31. (a) SEM micrographs and (b) fiber diameter distributions of dye-free, BBG- and FGcontaining PEC fibers as a function of KBr concentration. The average fiber diameter and standard
deviation are indicated, n = 250. All fibers were electrospun from 0.5 M PSS/PDADMAC, on a
monomer basis, in 1.5 and 1.6 M KBr in the absence or presence of 5 mM total BBG and FG,
respectively. Electrospinning conditions used were 1 mL/hr, 14 kV, and 20 cm.
As expected, increasing salt concentration led to narrower distributions of smaller diameter
fibers for dye-free samples (Figure 31 and Table 7).39 On average, the dye-free fiber diameters
were 4.04 ± 1.00 µm and 1.59 ± 0.45 µm for salt concentrations of 1.5 and 1.6 M KBr, respectively.
This decrease in fiber diameter was even more dramatic for FG-containing samples, which shifted
from a broad distribution of diameters centered around 4.51 ± 1.28 µm at 1.5 M KBr to a significantly
smaller and narrower distribution around 0.73 ± 0.12 µm for 1.6 M KBr. Surprisingly, we observed
very little change in the distribution of fiber diameters for BBG-containing fiber mats, despite
significant differences in the volume of the coacervate phase at the two different salt concentrations
(Figure 26d,e). We hypothesize that the attractive interactions between BBG and PSS may help
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to counterbalance salt-induced changes in the rheological properties of the coacervates associated
with swelling.
Table 7. Average PEC fiber diameter as a function of dye and salt concentration. Samples were
prepared with 0.5 M PSS/PDADMAC on a monomer basis. The electrospinning conditions were
1.0 mL/hr, 14 kV, and 20 cm. (NFF = No Fiber Formation)
KBr Concentration
(M)

Total Dye Concentration
(mM)

Average Fiber
Diameter (µm)

Dye-free

1.5

0

4.04 ± 1.00

BBG

1.5

5

4.04 ± 1.00

1.5

5

4.51 ± 1.28

1.5

10

1.98 ± 0.66

1.5

15

0.82 ± 0.17

FS

1.5

5

5.56 ± 1.90

R123

1.5

5

1.12 ± 0.34

R6G

1.5

5

1.52 ± 0.57

RB

1.5

5

1.96 ± 0.89

Dye-free

1.6

0

1.59 ± 0.45

1.6

5

1.46 ± 0.55

1.6

10

1.22 ± 0.29

1.6

15

1.27 ± 0.12

1.6

5

0.73 ± 0.12

1.6

10

Bead-on-string

FG

BBG

FG

1.6

15

Bead-on-string

FS

1.6

5

1.78 ± 0.81

R123

1.6

5

0.94 ± 0.16

R6G

1.6

5

NFF

RB

1.6

5

NFF

While we were able to successfully electrospin smooth, continuous BBG-containing PEC fibers
at all salt and dye conditions tested, FG-containing samples were much more sensitive to the
combination of dye and salt concentration. At 1.6 M KBr we observed bead-on-string morphology
above 5 mM dye (Figure 29c). This contrasts the results obtained at 1.5 M KBr, where smooth,
continuous FG-containing PEC fibers were obtained over the range of dye concentrations
examined (Figure 32e,f). These results highlight the importance of understanding how the
presence of cargo affects the overall coacervate phase behavior, and how parameters such as salt
and cargo concentration can be tuned to facilitate fiber formation.
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Figure 32. Plots of BBG and FG (a) concentration in the coacervate, (b) encapsulation efficiency,
and (c) partition coefficient (coacervate/supernatant). (d) The volume fraction of the coacervate
(COAC) and supernatant (SNT) phases as a function of increasing dye concentration. The black
line indicates the volume of the two phases for a dye-free coacervate. (e) SEM micrographs of FGcontaining PEC fibers as a function of FG concentration in 1.5 M KBr. (f) Fiber diameter distribution
of as-spun, dye-free and FG-containing PEC fibers as function of FG concentration. The average
fiber diameter and standard deviation are indicated, n = 250. All fibers were electrospun from 0.5
M PSS/PDADMAC, on a monomer basis in 1.5 M KBr. All electrospinning conditions were 1 mL/hr,
14 kV, and 20 cm. An asterisk (*) denotes p<0.05 between samples and error bars denote standard
deviation.
5.3.5 Electrospinning Fluorescein- and Rhodamine-Containing PEC Fibers
Building on our observations with BBG and FG, we examined how the subtle structural
variations between F123, R6G, RB, and FS would affect electrospinnability. Despite their smaller
size, all four of these dyes caused significantly more swelling of the coacervate phase than either
BBG or FG (Figure 27d,e) and, as was the case with BBG and FG, the magnitude of swelling
induced by the presence of the dye did not necessarily correlate with spinnability and/or fiber
diameter.
The results for FS-containing coacervates were similar to those reported for coacervates
containing FG. At 1.5 M KBr, both FS and FG formed large diameter fibers with a broad distribution
of diameters, as was also observed for the dye-free case (Figure 33c and Figure 32f).
Furthermore, the average diameter of these broad size distributions was correlated with the degree
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of coacervate swelling (Figure 27d-e). Increasing the salt concentration to 1.6 M KBr resulted in a
significantly narrower distribution of smaller fibers (Figure 34e). Thus, we hypothesize that in the
absence of attractive interactions between the cargo and the polymers of the coacervates, the size
of the resulting fibers would be dominated by the rheological character of the swollen coacervate
phase.

Figure 33. (a) Digital photographs, (b) SEM and fluorescence (inset) micrographs, and (c) fiber
diameter distributions of PSS/PDADMAC PEC fibers containing FS, R123, R6G, and RB. (c) The
average fiber diameter and standard deviation are indicated, n = 250. All fibers were electrospun
from 0.5 M PSS/PDADMAC, on a monomer basis, in 1.5 M KBr with 5 mM of total dye, respectively.
Electrospinning conditions used were 1 mL/hr, 14 kV, and 20 cm.
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Figure 34. Plots of (a) dye concentration in the coacervate, (b) encapsulation efficiency, (c) the
partition coefficient (coacervate/supernatant) for dyes, and (d) volume fraction of the coacervate
(COAC) and supernatant (SNT) phases in the presence of rhodamine/fluorescein dyes. The solid
back line indicates the volume of the two phases for a dye-free coacervate. Fiber diameter
distribution of (e) FS-, and (f) R123-containing PEC fibers. The average fiber diameter and standard
deviation are indicated, n = 250. (g) SEM micrographs of dye-containing PEC fibers. All fibers were
electrospun from 0.5 M PSS/PDADMAC, on a monomer basis, in 1.6 M KBr with 5 mM of total dye.
Electrospinning conditions were 1 mL/hr, 14 kV, and 20 cm. An asterisk (*) denotes p<0.05 between
samples and error bars denote standard deviation.
For the rhodamine dyes, as with FS, we were able to successfully electrospin smooth,
cylindrical, and uniformly colored fibers at a salt concentration of 1.5 M KBr (Figure 33). However,
at a salt concentration of 1.6 M KBr we only observed the formation of smooth, continuous fibers
for R123 and FS (Figure 34). R6G- and RB-containing samples showed a discontinuous
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morphology suggesting beading and potentially, the onset of fiber formation (Figure 34). If one only
considered the attractive interactions between dye molecules and PSS as a criterion for
electrospinnability, the results from 1.6 M KBr might be unexpected. However, the attractive dyepolymer interactions that might help to resist changes in the rheological character of the coacervate
were counterbalanced by the significant levels of swelling observed for these dyes (Figure 27d-e
and Figure 34d). For example, R6G and RB showed significantly more swelling at 1.6 M KBr than
any of the other dyes, potentially accounting for the observed difficulties in fiber formation.
Interestingly, R123 was the only rhodamine/fluorescein dye that completely resisted leaching upon
submersion in Milli-Q water, further supporting the idea of strong polymer-dye interactions.
In summary, our results suggest that for successful electrospinning, it is critical to understand
how cargo molecules interact with components of the coacervate matrix and how cargo molecules
alter the overall coacervate phase behavior. While a detailed characterization of the rheological
properties of coacervate precursor solutions is beyond the scope of the current study, our results
suggest that for a given coacervate system there is a critical polymer concentration (or degree of
swelling) beyond which electrospinning cannot be realized. Furthermore, the location of this critical
point can be shifted based on whether the encapsulated cargo molecules participate in attractive
interactions with the coacervate matrix.
5.4 Summary
We report the first demonstration of electrospun, cargo-containing PEC fibers from aqueous
complex coacervates, using a model system of PSS and PDADMAC. Six fluorescent dyes were
used to probe the effect of variations in cargo hydrophobicity, structure, and charge on the resulting
uptake into complex coacervates for subsequent use in electrospinning. While preferential
partitioning into the coacervate phase was observed for all of the model compounds used in this
study, the presence of attractive interactions between dye molecules and at least one of the
polymer molecules significantly increased the level of partitioning observed. Furthermore, we
observed a complex interplay in terms of how salt and dye concentrations can be used to tune the
phase behavior of the complex coacervates to modulate both dye encapsulation and subsequent
fiber formation and morphology. The use of aqueous complex coacervation as a strategy to enable
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the green processing of PEC fibers has significant potential for use in applications related to
biomedicine, energy, and environmental remediation where cargo-loaded fibers are needed.
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CHAPTER 6
STABILITY OF COACERVATE ENCAPSULATION OF DYE IN FILMS
6.1 Abstract
We present the first demonstration of
the release and uptake studies of cargoencapsulated

polyelectrolyte

complex

(PEC) films. Spin coating films from
complex coacervates takes advantage of
the great partitioning of dyes into complex
coacervates to achieve high loading and even distribution of cargo in the PEC films. A family of
three structurally similar rhodamine dyes were used as model cargo of varying hydrophobicity and
charge. The dyes were encapsulated into coacervates formed from PSS and PDADMAC. We
hypothesized and demonstrated that the dye-encapsulated films had sustained release kinetics
due to the presence of favorable electrostatic and π-π interactions between the dye and PSS,
which was similar to the mechanism that enabled greater dye encapsulation in the coacervates
compared with dyes that cannot π-interact with the polymers. Taking advantage of the chemical
stability of PEC films, we also studied the release of the dyes into organic solvents. Interestingly,
the dyes could also be taken-up by the films due to small molecule partitioning. These findings
facilitate the use of PEC films in applications related to biomedicine, energy, and separations where
release and uptake into sponge-like materials are needed.
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6.2. Introduction
Polyelectrolyte complex (PEC) films have attracted much research attention for their wide
range of applications related to drug delivery,208-211 separation membranes,143,212-214 sensing,215,216
and fire retardant and antifouling coatings.217,218 A number of methods have been established to
prepare PEC films, including, direct casting,219,220 electrochemical deposition,221 and the widely
reported layer-by-layer (LbL) method.222-225 PEC films are known for their diverse applications
because the building blocks could be very chemically and physically flexible, including natural and
synthetic polyelectrolytes, weak and strong polyelectrolytes of various molecular weights.159,211
The use of PEC films for the encapsulation and release of cargo has attracted of research
attention because of the rich electrostatic interactions available from having polyelectrolytes which
facilitated efficient loading of moieties, such as dye molecules, proteins, therapeutic molecules, and
nanoparticles.208-211,226-231 Cargo can be loaded onto the PEC films directly as a building block of
the film,210,230,231 or loaded afterwards into a pre-fabricated film.232-234 The release mechanism is
typically via diffusion or film dissolution,235 which could be controlled by chemical or physical
triggers, such as pH changes,228,229 laser excitation,208 ultrasonication,208 etc. PECs have also been
demonstrated to be effective materials to remove pollutants, such as metal ions236-238 and watersoluble dyes from water.239,240
Historically, significant encapsulation work has involved the incorporation of cargos in PEC
films via layer-by-layer (LbL) methods. However, LbL can be time-consuming and laborious, and
does not necessarily maximize the encapsulation or absorption of active moieties into the PEC
films as a direct correlation between the structure of the encapsulant and the polymers is needed
to engineer improved control over the encapsulation and release properties of molecules in the
PEC films. In contrast, a recent report showed that PEC thin films could be directly formed by spin
coating the liquid complex coacervates as precursor solutions.144 Complex coacervation is a liquidliquid phase separation as a result of the associative electrostatic interactions between oppositely
charged macro-ions in the presence of salt.78,79,98,99,241 We can harness the salt-sensitive
(“saloplastic”) nature of PEC and the liquid nature of complex coacervation to spin coat PEC films
in one step.39,95,177,204 Also, spin coating is a facile technique that uses centrifugal forces to fabricate
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thin solid polymeric films from a precursor polymeric solution on a flat substrate.242 An excess of
the polymeric solution is first dispensed on a substrate, and then the substrate is rotated at a high
speed to cause the polymer solution to spread over the substrate, removing the excess solution to
form a thin film. The first case of spin coating complex coacervates was demonstrated using a
canonical, strong polyelectrolytes model system, PSS and PDADMAC in the presence of KBr
solution.144 Both the apparatus, such as spin speed and time, and the solution properties, such as
polymer concentration (CP) and viscosity, are key aspects to control the formation and thickness of
the spin coated films.144
While complex coacervates have had a long history of being used in applications involved with
encapsulating small molecules and proteins due to having sufficient electrostatic interactions during
complexation,81,83,109,110,115,116,119-122,166,194-198,243 the use of complex coacervation to create films that
directly incorporate cargo remains unexplored. Here, we explore the uptake and release properties
of PEC films formed with PSS/PDADMAC in the presence of three fluorescence dyes, i.e.,
fluorescein (FS), rhodamine 123 (R123), and rhodamine B (RB). FS represents a cargo that does
not π-stack with PSS due to electrostatic repulsion, while R123 and RB represent cargos that can
π-stack with PSS but with different levels of electrostatic attraction and steric hindrance. We studied
the release of pre-loaded dye from films into aqueous and organic solutions, as well as the direct
uptake of dye. Due to the ultra-stable nature of PEC solids in various organic solvents,39 we also
exposed the dye-encapsulated PEC films to organic solvents to correlate the release of dyes with
the properties of the various solvents.
6.3 Results and Discussion
The goal of this work was to study the effectiveness of PEC solid films processed from liquid
coacervates as both a delivery vehicle and an absorbent for small molecule cargoes, such as watersoluble fluorescence dyes. Our previous work showed that such dye molecules were effectively
encapsulated in the liquid coacervate phase prepared with PSS and PDADMAC in the presence of
potassium bromide (KBr). For dyes that can interact with PSS both electrostatically and via πstacking, the partition coefficient was orders of magnitude greater than for dyes that could not.
Building upon our findings for liquid coacervates, we hypothesized that dyes that interact more
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strongly with PSS would be retained to a greater extent within a solid PEC film and therefore be
released more slowly to the surrounding environment than those which cannot π-interact with the
polymer.
For the materials used in this work, the gyration diameter of PSS/PDADMAC solids was in the
range of 100-105 Å,244 which was larger than the diameter of FS, R6G, and RB (max ~26 Å). This
means that we would not expect that the dyes molecules should be physically trapped within the
PEC solids. In the first half of this study, we prepared cargo-loaded PEC films directly from dyecontaining complex coacervates and studied the release of dye from the PEC films into various
solutions, including water, salt solutions, and organic solvents. In the second half of this work, we
prepared dye-free PEC films and studied the uptake of dye from aqueous and salt solutions.
6.3.1 Dye Encapsulation in Liquid Complex Coacervates
To prepare cargo-encapsulated PEC films, we first prepared a dye-containing precursor
solution formed with PSS/PDADMAC complex coacervates in the presence of one of three
fluorescence dyes, FS, R6G, and RB, as shown in Figure 35a. Comparing the molecular structures
of the various dyes, it is important to note that FS has a negative net charge, meaning that it would
be electrostatically repelled from PSS, and therefore unable to π-stack (Figure 35b,d), In contrast,
R6G and RB are able to interact with PSS both electrostatically and via π-stacking with PSS due
to their net positive charge (Figure 35d,f).245 Moreover, RB has the largest number of ionizable
groups of the three dyes, which we have shown previously results in the significant swelling of the
coacervate.245
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Figure 35. (a) Digital photograph of complex coacervate samples prepared with poly(4-styrene
sulfonic acid sodium salt) (PSS) and poly(diallyldimethylammonium chloride) (PDADMAC) in the
presence of potassium bromide (KBr). Coacervates samples were dye-free, fluorescein (FS),
rhodamine 6G (R6G), and rhodamine B (RB) encapsulated with a total dye concentration (Cdye) of
~0.05 mM. Chemical structures of (b) PSS, (c) PDADMAC, (d) FS, (e) R6G, and (f) RB. Charges
are labeled based on the ionized form of the dyes in solution. Counterions have been omitted for
simplicity.
Dye-containing coacervates were examined at a total as-prepared dye concentration (Cdye) of
5 mM in 1.5 M KBr. The resulting samples showed a significant difference in Cdye and the level dye
partitioning as a result of the different intermolecular interactions between the various dyes and the
polymers of the coacervate (Figure 36). The CP in the dye-containing coacervates varied over the
range of 1.4-1.7 M on a total monomer basis, depending on the amount of swelling induced by the
cargo molecules, as compared to a value of CP = 1.8 M for the dye-free coacervates (Figure 36a).
The most significant swelling was observed for RB, as expected (Figure 36d).
R6G and RB were incorporated into the coacervate phase at a greater Cdye and higher
encapsulation efficiency (>90%) compared with FS, as expected based on the differences in
electrostatic and π-stacking interactions with PSS. Interestingly, the significant swelling of the
coacervate caused by RB resulted in a reduction of the Cdye in the coacervates compared with R6G
(Figure 36b-d). As a result, the values for the partition coefficient highlight the combinatorial effect
of both favorable intermolecular interactions and dilution due to swelling, with the highest
partitioning observed for R6G, followed by RB and FS (Figure 36e). In addition, the interaction
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between dye and polymers does not change, and should not be expected to change, with variations
in the preparation conditions for the coacervate, provided that the samples fall along the same
equilibrium tie-line. Comparing the ratio of the number of monomers per dye molecule from our
samples prepared at a total CP of 0.25 M, as described here, with samples prepared at CP = 0.5 M
from CHAPTER 5, we do not observe a significant difference (Figure 36f). This result is expected
because changing the concentration of polymer would only be expected to alter the amount of
coacervate formed, not the coacervate itself.

Figure 36. Plots of the characterization of dye-free, FS-, R6G-, and RB-containing complex
coacervates, including the (a) polymer concentration (CP), (b) dye concentration (Cdye), (c) dye
encapsulation efficiency, (d) volume % of the coacervate phase, (e) the partition coefficient of the
dyes defined as the ratio of dye in the coacervates and in the supernatant, and (f) the number (#)
of monomers per dye in the complex coacervates. All coacervates samples were prepared with a
total CP of 0.25 M, on a monomer basis, in 1.5 M KBr. The # monomer/dye values for BBG and FG,
which were previously characterized,245 were also plotted alongside (f) in Figure 37 for comparison.
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Figure 37. Plot of the number (#) of monomers per dye required in the liquid complex coacervates
prepared with 1.5 M KBr with a total polymer concentration of 0.25 M, on a monomer basis, in the
presence of 5 mM total as-prepared dye concentration for fluorescein (FS), rhodamine 6G (R6G),
and rhodamine B (RB) from this work, along with brilliant blue G (BBG), and fast green FCF (FG)
from our previous work.245
6.3.2 Complex Coacervate Thin Films
Dye-containing complex coacervates were directly spin coated to form dye-containing solid
PEC films on glass coverslips (Figure 38a). Due to the different viscosities of complex coacervates
caused by different CP, the procedure was tailored to include different ramp rates for the various
samples to facilitate coacervate spreading on the substrate. Once prepared, the films were allowed
to air dry. While dye-free PEC films were colorless and opaque due to the scattering of light from
inhomogeneities and the crystallization of excess salt, the dye-encapsulated films were uniformly
bright yellow, pink, and purple due to the homogeneous incorporation of FS, R6G, and RB,
respectively, as shown in the digital photograph (Figure 38b).
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Figure 38. A schematic of the spin coating process, which includes dispensing a solution, spinning,
and solvent evaporation. (b) Digital photograph of the spin coated dye-free, FS-, R6G-, and RBcontaining PEC films.
The thickness of FS- and R6G-containing films was not statistically different from that of dyefree films, while the RB-containing films were statistically thinner (Figure 39a-b). The difference in
film thickness for the RB-containing film was expected due to the lower CP and thus viscosity
caused by swelling from the dye (Figure 36d). Interestingly, we found out that the density of the
RB-containing PEC films was seemingly, but not significantly greater than the other films (Figure
39c). One possibility was that the RB-containing film was so thin that the water evaporation was
fast to prevent the excess salt precipitation from forming large crystals which could potentially void
the structure of the films. Despite the difference in mass, thickness and density of the films, we
realized that the FS in the film is significantly lower than those of R6G and RB, but there is no
significant difference between R6G and RB (Figure 39d). The similarity of dye mass in the R6G
and RB films can potentially be attributed to the similar monomer/dye content of the liquid
coacervates. Hence after water and salt were removed from the films, the mass of R6G and RB
were not statistically different. As a result, we noticed that the Cdye tracked exactly with the trends
we found in complex coacervation (CHAPTER 5) because the dyes could not lose from the films in
the spincoating process, and only water was removed.
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Figure 39. Plots of the physical properties of the dye-free, FS-, R6G-, and RB-encapsulated PEC
films spin coated from complex coacervates, including (a) the film thickness, (b) the film mass, (c)
the film density, and (d) the dye mass in dye-containing films. An asterisk indicates p<0.05 with an
unpaired, two-tailed student’s t-test.
6.3.3 Dye Release from PEC Films into Aqueous Solutions
We performed control experiments with dye-free PEC films to measure the potential mass loss
of polymers into water and in KBr solutions after two weeks (Figure 40). All experiments were
conducted using spin coated PEC films on a glass substrate, such that only one side of the PEC
film was available for release and uptake. Approximately 6 wt% of the mass of a film was lost upon
exposure of the film to water, and about 8 wt% was lost upon exposure to a KBr solution, though
no significant difference was observed over the range of 0.1-0.4 M KBr. This slight loss of mass
was expected because exposing the PEC films to aqueous solutions allows for the sample to
equilibrate with the supernatant. Also as described in CHAPTER 4, the KBr mass in the asprocessed PEC films was 21 wt%,39 which was removed after submersion in water or low
concentration KBr solutions.
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Figure 40. Plot of polymer wt% loss from as-prepared dye-free PEC films equilibrated in water, or
0.1-0.5 M KBr solutions for two weeks. An asterisk indicates p<0.05 with an unpaired, two-tailed
student’s t-test.
Dye-containing films were also submerged in various aqueous solutions to study the
interactions that control the dynamics of dye release. The normalized dye release profile was
analyzed because the starting point for FS, R6G, and RB was different in terms of Cdye in the films
(Figure 41a). For the case of dye-containing films in water, the fastest release was observed for
RB, potentially because the high number of ionizable groups on the dye molecule favored
dissolution in water over π-stacking with PSS. In other words, the same effects that caused RB to
dramatically swell the coacervate (i.e., bringing excess water into the coacervate) led to a weaker
partitioning of the dye into solid films and fast release kinetics. Thus, RB released faster than even
FS, which cannot π-stack with PSS. While 90% of both RB and FS was released from the film in
the first 5 hrs, R6G experienced much slower and steadier release profile. The slow release
indicated that the strong π-interactions with PSS facilitated strong retention of dye in the films,
possibly through hindered diffusion, to facilitate slow release.

Figure 41. Plots of (a) normalized dye release profile of dyes from FS-, R6G-, and RB-encapsulated
PEC films in water as a function of time. (b) The percentage of dyes released to the solution, and
(c) the partition coefficient of dye as a function of the salt concentration of the solution after 15 hr.
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Greater CS facilitated more significant dye release in solution by shifting the dye partitioning in
the solid PEC film/solution at equilibrium (Figure 41b-c, Figure 42). This result was also consistent
with the finding that greater CS lowered the dye partitioning in liquid coacervates. For FS and RB,
nearly all (~100%) of the dye was released, and the dye partitioning coefficient fell below 1,
indicating that the dye preferentially partitioned into the solution. In contrast, the R6G release in
high CS was still under the effect of π-interactions, so the release was not complete, but maintained
at 40% in 0.2 M KBr, and to 70% in 0.4 M KBr.
To look at the kinetics of dye release, we chose to analyze the percentage of dye released
rather than the absolute mass of dye because the starting Cdye in the films was different after the
fabrication of dye-encapsulated films. Figure 42-Figure 43 highlight that increasing CS accelerated
the release for each dye due to the weakening partitioning in the film as compared to the solution,
as indicated by the steeper slopes of the normalized Cdye with increasing CS. This trend was as
obvious for FS and RB, simply because both of them reached maximal release at 0.2 M KB. In
contrast, R6G was had a sustained release rate that did not plateau over the timescale of the 15
hr experiment (Figure 42e).
To determine if the release was diffusion-limited, we plotted the normalized release against the
square root of time (Figure 43).246,247 In water, we observed an initial lag, suggesting perhaps that
the film itself was equilibrating in the solution, resulting in a change of diffusivity at short times.
Following this, we observed a somewhat linear release profile at intermediate times, followed by a
longer plateau. In contrast, for release into salt solutions, the linear, diffusion-limited release of dye
was much more apparent at initial times, before ultimately plateauing at long times. These results
suggest that release of most of the dye molecules can be described as a diffusion-limited process,
though there is some equilibration of the film that may occur at short times, and at long times
additional interactions may come into play. In the diffusion-limited regime, the slope of the graph
relates to the diffusivity of each dye, with the diffusion of RB > FS > R6G from the PSS/PDADMAC
film into solution. This order is in agreement with our previous observations regarding the role of
dye solubility, electrostatic interactions, and π-interactions.
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Figure 42. Plots of the normalized dye release profile of dyes for FS-, R6G-, and RB-containing
PEC films in (a) water, (b) 0.2 M KBr, and (c) 0.4 M KBr over the course of 15 hrs. Individual dye
release kinetics were plotted in various solutions for (d) FS, (e) R6G, and (f) RB. The % of dyes
released to the solution after 15 hrs and the corresponding partition coefficients were plotted in
Figure 41.

Figure 43. Plots of the normalized dye release profile of dyes against time1/2 for FS-, R6G-, and
RB-containing PEC films in (a) water, (b) 0.2 M KBr, and (c) 0.4 M KBr over the course of 15 hrs.
Individual dye release kinetics against time1/2 were plotted in various solutions for (d) FS, (e) R6G,
and (f) RB. Solid lines represent the linear fit of the data to which would correspond to diffusionlimited dye release from the PEC films into the aqueous solutions.
We also explored the equilibrium dye partitioning in different salts and salt concentrations
(Figure 44). Therefore, to compare the effects of salt on dye release, we ordered the release profile
of dyes with the hypothesis that the more effective salt could facilitate greater dye release as the
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equilibrium should be shifted to greater partition to the solution phase faster. The ranking of
effectiveness, or chaotropic nature of the salts was sodium chloride (NaCl) < potassium chloride
(KCl) < sodium bromide (NaBr) < potassium bromide (KBr).161,248,249 The chaotrope describes the
effectiveness of salt on disturbing the structure of water and salt with greater chaotrope could
“saloplasticize” and swell the complex coacervates with a lower concentration. We hypothesized
that a more chaotropic salt would lead to more and faster dye release kinetics since the partitioning
of dye would be less favorable in the films. However, we observed that there was barely any
difference across the library of salts or at different CS, with the exception of R6G release, which
showed an increase from 40% to 75% going from 0.2 M KBr to 0.4 M KBr (Figure 44b).

Figure 44. Plots of % release of (a) FS, (b) R6G, and (c) RB from dye-containing PEC films, and
(d-f) the corresponding dye partition coefficients in water, 0.2 M and 0.4 M salt solutions prepared
with sodium chloride (NaCl), potassium chloride (KCl), sodium bromide (NaBr), potassium bromide
(KBr). An asterisk indicates p<0.05 with an unpaired, two-tailed student’s t-test.
A cross comparison between dyes for each salt were plotted in Figure 45. As was observed
previously for KBr, FS and RB showed partition coefficients less than 1, indicating that the dyes
were preferentially released into the solution, while for R6G the partitioning remained ~1 or above
in most cases. In other words, the identity of the salt or CS in this work did not make a significant
difference on the fraction of dye released or the partition coefficient of each dye. In summary, the
identity of salt and CS on dye release from solid dye-encapsulated films did little to controlling dye
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release, but the presence of π-interactions effectively slowed the overall release while also
decreasing the amount of dye released from the films.

Figure 45. Plots of (a) the % release and (b) the partition coefficient FS, R6G, and RB from dyecontaining PEC films to water, and (c,e,g,i) the dye % release dye and (d,f,h,j) the dye mass
partition coefficient in 0.2 M and 0.4 M salt solutions prepared with sodium chloride (NaCl),
potassium chloride (KCl), sodium bromide (NaBr), potassium bromide (KBr), respectively. An
asterisk indicates p<0.05 with an unpaired, two-tailed student’s t-test. Plots for each dye in various
salt solutions were plotted in Figure 44.
We also characterized the # monomers/dye molecule for each of the dyes in different salt
solutions. The initial # monomer/dye ratio was the same as in the coacervate (Figure 37). However,
after the dye-containing films were allowed to equilibrate with various solutions, the dye would be
released, resulting in an increase in the monomer/dye ratio (Figure 46). In other words, the greater
the # monomer/dye, the less sequestration capability of the PEC film. The partitioning of FS and
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RB was such that the ratio of monomer/dye was ~2000-3000, whereas this ratio was an order of
magnitude lower for R6G (~300).

Figure 46. Plot of the # of monomers in the PEC films per (a) FS, (b) R6G, and (c) RB after dyes
were release in water, 0.2 M and 0.4 M NaCl, KCl, NaBr, and KBr solutions, along with the #
monomer/dye in complex coacervates prepared with 1.5 M KBr as a reference. An asterisk
indicates p<0.05 with an unpaired, two-tailed student’s t-test.
6.3.4 Dye Release from PEC Films into Organic Solutions
The dye release into organic solvents was also studied by submerging the dye-containing PEC
films in a wide range of different organic solvents for 8 weeks to allow for dye partitioning
equilibrium. This study was particularly interesting because PECs are known to be very resistant
to dissolution, or even softening in organic solvent.39 The vials containing various organic solvents
were ordered alphabetically (Figure 47) and the organic solvents which cause the dye to release
were grouped together in Figure 48. We have summarized the properties of all the organic solvents
used in this work and tabulated them in Table 8. However, further analysis is needed to identify the
parameters that dictate trends in dye release with the properties of the organic solvents, i.e.,
miscibility with water, dielectric constant, and relative polarity.
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Figure 47. Photograph of the FS, R6G, and RB release from dye-containing PEC films to the
organic solvents of acetone, chloroform, dichloromethane (DCM), dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), dioxane, ethanol, ethyl acetate, methanol, hexane, tetrahydrofuran
(THF), toluene, and 2,2,2-trifluoroethanol (TFE). The dye-containing films were submerged in
organic solvents for 8 weeks to ensure equilibrium.

Figure 48. Photograph of vials containing organic solvents where dyes released were grouped on
the left of the panel. FS, R6G, and RB released from dye-containing PEC films to the organic
solvents of acetone, chloroform, DCM, DMF, DMSO, dioxane, ethanol, ethyl acetate, methanol,
hexane, THF, toluene, and TFE. The dye-containing films were submerged in organic solvents for
8 weeks to ensure equilibrium.
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Table 8. The properties of organic solvents including the chemical formula, molecular weight, boiling point, density, miscibility with water, dielectric
constant, and relative polarity. The miscibility of organic solvents with water was highlighted in blue. The solubility of dye in the organic solvent was
highlighted in green, and the insolubility in black. Where the dye was released was labeled in orange text “Released”.
Solvent

Chemical
Formula

Molecular
Weight
(g/mol)

Boiling
point
(°C)

density
(g/mL)

Miscibility with
Water (g/100g)

Dielectric
Constant
(25°C)

Relative
Polarity

FS
Solubility

R6G
Solubility

RB
Solubility

1

Acetone

C3H6O

58.07

56

0.785

Miscible

21.1

0.786

Soluble

Soluble
Released

Slightly
soluble

2

Chloroform

CHCl3

119.38

61

1.479

0.8

4.8

0.259

Insoluble

Soluble
Released

Soluble

3

DCM

CH2Cl2

84.93

40

1.326

1.32

9.1

0.309

Insoluble

Soluble
Released

unknown

4

DMF

C3H7NO

73.09

153

0.945

Miscible

38.3

0.386

unknown

Soluble
Released

Soluble

5

DMSO

C2H6OS

78.13

189

1.092

25.3

25.3

0.444

unknown

Soluble
Released

Soluble
Released

6

Dioxane

C4H8O2

88.11

101

1.033

Miscible

2.2

0.164

unknown

Soluble
Released

unknown

7

Ethanol

CH3CH2OH

46.07

79

0.789

Miscible

25.0

0.654

Soluble
Released

Soluble
Released

Soluble
Released

8

EA

C4H8O2

88.11

77

0.895

8.7

6.0

0.228

unknown

Soluble
Released

unknown

9

Methanol

CH3OH

32.04

64.6

0.791

Miscible

32.6

0.762

Soluble
Released

Soluble
Released

Soluble
Released

10

Hexane

C6H14

86.18

69

0.659

0.0

1.

0.009

Insoluble

unknown

unknown

11

THF

C4H8O

72.106

65

0.883

Miscible

7.5

0.207

unknown

unknown

unknown

12

Toluene

C7H8

92.14

111

0.867

0.1

2.4

0.099

Insoluble

unknown

unknown

13

TFE

CF3CH2OH

100.04

78

1.390

Miscible

8.6

0.898

Soluble
released

Soluble
Released

Soluble
Released
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The dye % release and dye partitioning of FS, R6G, and RB from PEC films into organic
solvents were measured and plotted in Figure 49. It is clear that FS, the least electrostatic and
hydrophobic dye, had the lowest release into organic solvents, followed by RB, which was also
relatively hydrophobic. On the contrary, R6G had the highest release into the most organic
solvents. We anticipated that dyes would release to water-miscible organic solvents such as
alcohol, acetone, DMF, dioxane, and THF. However, when we plotted dye release against water
miscibility (Figure 50), we realized that water-miscible was not the only prediction parameter we
needed to take into account. FS was only released to solvents that were miscible with water, such
as ethanol, methanol, and TFE. However, it is curious to find that FS was not released into acetone,
DMF, dioxane, and THF, which were also miscible with water. R6G was released and soluble in all
of the water-miscible organic solvents. RB was also soluble in many water-miscible solvents but
was only released to DMSO and alcohol.

Figure 49. Plots of % release of (a) FS, (b) R6G, and (c) RB and (d-f) the corresponding partition
coefficients from dye-containing PEC films to acetone, chloroform, DCM, DMF, DMSO, dioxane,
ethanol, ethyl acetate, methanol, hexane, THF, toluene, and TFE. The data here are shown with
the solvents listed in alphabetical order. The % release and partition coefficient were plotted against
the organic solvent’s miscibility with water, dielectric constant, and relative polarity in Figure 50Figure 52. The dye-containing films were submerged in organic solvents for 8 weeks to ensure
equilibrium.
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Figure 50. Release of (a) FS, (b) R6G, and (c) RB and (d-f) the corresponding partition coefficients
from dye-containing PEC films to acetone, chloroform, DCM, DMF, DMSO, dioxane, ethanol, ethyl
acetate, methanol, hexane, THF, toluene, and TFE against the miscibility (g/100g) of the organic
solvents in water.
We also plotted dye release vs. dielectric constant (Figure 51) and the relative polarity (Figure
52) of the organic. We realized that the dielectric constant of the organic solvents did not strongly
affect whether or not the dyes would be released into the solvent, or the resulting partitioning of
dyes. However, FS and RB were soluble and tended to release more significantly into organic
solvents with a greater relative polarity, meaning that they were more similar to water. Our PEC
films resisted the release of dyes to organic environments whose miscibility and relative polarity
were least similar to water.
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Figure 51. Release of (a) FS, (b) R6G, and (c) RB and (d-f) the corresponding partition coefficients
from dye-containing PEC films to selective organic solvents regarding their dielectric constant of
the organic solvents.

Figure 52. Release of (a) FS, (b) R6G, and (c) RB and (d-f) the corresponding partition coefficients
from dye-containing PEC films to selective organic solvents regarding their relative polarity of the
organic solvents.
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We also correlated the number of monomers per dye in the PEC films with the various solvents
to look for trends (Figure 53). In general, similar to release in salt solutions, a higher ratio of
monomer/dye was observed for R6G than for FS and RB, due to the stronger π-interactions with
PSS.

Figure 53. Number of monomers/dye in the PEC films for FS, R6G, and RB after dyes were
released in organic solvents of acetone, chloroform, DCM, DMF, DMSO, dioxane, ethanol, ethyl
acetate, methanol, hexane, THF, toluene, and TFE from the dye-containing PEC films. The dyecontaining films were submerged in organic solvents for 8 weeks to ensure equilibrium.
6.3.5 Dye Uptake from Aqueous Solution into Dye-free PEC Films
Having studied the release of dyes from our films, we were also curious to understand the
potential for using these PEC materials to uptake dye from water. The as-prepared dye-free PEC
films were directly submerged in a dye-containing solution bath. Putting a dye-free PEC film into a
dye-containing solution was equivalent to allowing for polyelectrolyte complexation with a new
equilibrium. In the as-prepared dye-free films, there was 21 wt% of excess KBr which was used to
transition the PECs into a liquid complex coacervates liquid. Once the as-prepared film was in
contact with water, the salt would be released to the solution, which translated to about 4 mM CKBr
in a 5 mL solution bath. All the starting Cdye was 1 mM in the initial dye-containing solutions for the
take-up experiments.
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Figure 54. Plots of normalized dye uptake profile by PEC films in terms of the Cdye in water for (a)
FS, (b) R6G, and (c) RB, along with (d-f) the corresponding dye mass removed by the solid PEC
films. The plots of normalized dye uptake profiles in 0.4 M KBr was shown in Figure 55.

Figure 55. Plots of normalized dye uptake profile by PEC films in terms of the Cdye in water and 0.4
M KBr for (a) FS, (b) R6G, and (c) RB, along with (d-f) the corresponding dye mass removed by
the solid PEC films.
We observed that both FS and R6G dyes were successfully removed from water by the PEC
films, while RB was not, as shown in Figure 53. These results are in agreement with the trends
observed during our release studies (Figure 45). We observed a gradual decrease in the
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concentration of FS and R6G in the solution over time. This change was also relatively linear when
plotted with respect to time1/2, indicating a diffusion-limited uptake into the PEC films (Figure 56).

Figure 56. Plots of normalized FS uptake profile by PEC films in (a) water and (b) 0.4 M KBr, as
well as (c) the R6G uptake profile from water against time1/2. Solid lines represent the linear fit of
the data to which indicate that the dye uptake was diffusion-limited for FS and R6G into the PEC
films.
The dye uptake results showed that there was a kinetic barrier for the films to reach the same
end state of equilibrium compared to the release studies. Again, we used the # monomer/dye as
an indicator to show the difference in the polymer/dye interaction for dye encapsulation in the
coacervates, release equilibrated and uptake equilibrated conditions (Figure 57). In coacervates
where the electrostatic sites were exposed in water and at their full effectiveness, a dye molecule
would require much fewer monomers at equilibrium. In the release study, since a new equilibrium
was reached and most the electrostatic sites were bound to an oppositely charged monomer in a
solid film, two orders of magnitude more charge sites were required to stabilize one dye. However,
in the uptake study, we realized that the FS could be taken by the polymer films with fewer #
monomers, indicating greater dye partitioning for FS to be in the films in the uptake study than the
release study (Figure 57a,d). We thought this could be caused by the much greater dye
concentration in the uptake experiments (total 1 mM FS in the 5 mL aqueous bath) than in the
release experiments, which was 0.03 mM if FS were to be released completely. For R6G, on the
other hand, required relatively the same # monomer/dye, which was potentially due to having
almost the same total Cdye in both the uptake and the release experiments was almost the same
(Figure 57b,e). Comparing FS and R6G, R6G seemed to have greater difficulty being taken up by
the films by having a greater # monomer/dye, and we attributed this to the bulkier chemical structure
that R6G has a bigger size with two extended ethyl “arms” (Figure 35e).
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Figure 57. Plot of the # monomer per dye in the PEC films after (a) FS, (b) R6G, and (c) RB were
released into water, 0.2 M and 0.4 M KBr solutions, and after (d) FS and (e) R6G were taken up
from water, 0.2 M and 0.4 M KBr solutions. The # monomer per dye in the coacervates was also
plotted as a reference of the capacity of the PEC films.
Besides, studying the dye uptake from water, we also prepared dye baths in 0.4 M KBr
solutions to find out the effect of salt on dye uptake. We hypothesized that greater CS would swell
the PEC films and expose interactive sites to allow for better dye sequestration in the PEC films.
However, both R6G and RB self-agglomerated250 into shiny precipitates in the solutions that
affected the measurement of Cdye in the surrounding solution as well as in the PEC films (Figure
58).
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Figure 58. Digital photograph of (a) R6G and RB I nthe presence of 0.1-0.3 M KBr solutions, with
(b-c) zoom-in photographs of R6G and RB “self- agglomerated” in 0.3 KBr solutions to form shiny
solids in the solution, which was reported before.250
6.3.6 Comparison of Uptake Properties of Electrospun Fibers and Spin Coated Films
We also drew a comparison of the uptake of FS, R6G, and RB into the PEC films, with the
uptake of brilliant blue G (BBG) and fast green FCF (FG) into the electrospun PEC fibers (Figure
59a-b). Electrospun fibers mats are known for having a large surface-to-volume ratio, so the uptake
of dyes would be expected to be faster and more accessible for fibers than films which only allowed
dye-polymer interactions on one side of the film surface. Approximately 30% of the dye was
removed from water by the electrospun fibers within the first 4 hr of remediation. We first plotted
the normalized BBG and FG uptake profile against time1/2 and found out that the linear regression
was close to 1 indicating that the dye uptake was limited by diffusion (Figure 59c-d). Furthermore,
since the molecular weights of BBG and FG were greater and the structures were bulkier than the
rhodamine dyes, we would have anticipated that the diffusivities of BBG and FS would be smaller
than rhodamine dyes from films to a quiescent fluid according to the Stokes-Einstein diffusivity
relation.251 However, the slope for BBG and FG uptake kinetics were seven orders greater than
that for FS and R6G, indicating that the diffusivity for BBG and FG into the fibers was much greater
than FS and R6G into films. While it is reasonable that the uptake of dye into fibers could be faster
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than films, due to their greater surface area, we cannot exclude the possibility of additional effects
due to intermolecular interactions.

Figure 59. Plots of the normalized dye uptake profile against time for (a) BBG and (b) FG, and (cd) against time1/2 in 0.12, 0.09, 0.06, and 0.03 mM total as-prepared dye concnetraiotn. Solid lines
represent the linear fit of the data to which indicates that the dye uptake was diffusion-limited for
BBG and FG to be taken to be PEC Films from aqueous solutions.
We also estimated the # monomers/dye for the electrospun fibers that absorbed BBG and FG
from dye-containing solutions (Figure 60). We found that greater Cdye facilitated better use of the
“full” dye uptake capacity since less monomer was required to stabilize a dye molecule within the
fibers. FG in general experienced a higher monomer/dye ratio because FS was more electrostatic
and partitioned more weakly of dye into PEC fibers, consistent with our previous report on the
incorporation of these same dyes into liquid coacervates (Figure 23 and Figure 27).245
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Figure 60. Plot of the # of monomers per dye in the PEC films after (a) BBG and (b) FG were taken
from dye-containing solutions of 12, 0.09, 0.06, and 0.03 mM. The # of monomers per dye in the
coacervates was also plotted as a reference of the capacity of the PEC films.
We also built a MATLAB script (Appendix A) to calculate the diffusivities of BBG and FG during
the time of the experiment (Figure 61-Figure 62). The MATLAB script described a good model to
fit the experimental data. We found out that the diffusivity of dye gradually approached a plateau
value after a sufficiently long time. The resulting diffusivity of BBG and FG in each dye solution is
tabulated in Table 9. The average diffusivities (D) for BBG and FG from aqueous solution to PEC
fibers were 2.5×10-2 m2/s and 2.0×10-2 m2/s, respectively.
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Figure 61. Evolution of dye uptake profile using pre-spun coacervate fibers in (a) BBG and (b) FG
solutions from dye-containing solutions of 0.12, 0.09, 0.06, and 0.03 mM. The black solid lines
represented the simulation results according to the transient diffusion model in Equation 15Equation 18 with the fitting parameters 𝒟𝒟 and 𝒦𝒦. Simulation results were fit to experimental data
from 4, 6, 8, 10, 12, and 13 hr of uptake. All fibers are pre-electrospun from dye-free
PSS/PDADMAC coacervate in 1.6 M KBr at 1 mL/hr, 14 kV, and 20 cm. The equilibrium values of
diffusivity (D) and its standard deviation from simulation for BBG and FG uptake in the electrospun
PEC fibers tabulated in Table 9.
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Figure 62. Computed fitting parameters from simulations according to the transient diffusion model,
Equations 15-18 for (a-c) BBG and (d-f) FG uptake experimental data from the uptake kinetics
studies of dye-containing solutions of 0.12, 0.09, 0.06, and 0.03 mM for different periods of time. In
(a) and (d) complex diffusivity 𝒟𝒟 (D/R2, s-1) refers to the fitting parameter from the calculation; in
(b) and (e) 𝒦𝒦 refers to the equilibrium partition coefficient as defined in the main article, that also
is a fitting parameter from the simulation; and in (c) and (f) the actual diffusivities (D, m2/s) of BBG
and FG, respectively, are calculated by taking into account the fiber radius of 0.80 ± 0.22 µm. The
equilibrium values of diffusivity (D) and its standard deviation from simulation for BBG and FG
uptake in the electrospun PEC fibers tabulated in Table 9.

Table 9. Tabulated values of diffusivity (D) and its standard deviation from simulation for BBG and
FG uptake in the electrospun PEC fibers, supplementing Figure 60 and Figure 61.
Initial Dye Concentration
(Mm)
BBG

FG

0.12

Diffusivity (×103,
M2/S)
8.35

Standard Deviation
(×103,M2/S)
3.30

0.09

8.15

3.48

0.06

15.49

6.09

0.03

36.89

14.51

0.12

8.44

3.35

0.09

9.46

3.73

0.02

27.25

10.85

0.01

9.77

3.84
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6.4 Summary
We report the first demonstration of cargo-containing PEC films. A family of four rhodamine
dyes were used to study the effect of variations in cargo structure and charge on the resulting
release and uptake in the films. We found that the dyes can facilitate steady and incomplete release
of dye to the surrounding solutions if dyes have electrostatic and π-π stacking interactions with at
least one of the polymer molecules. Moreover, we observed that dyes were released into watermiscible organic solvents, but the dye partitioning was somewhat related to their solubility in the
solvents rather than the solvent properties. The dye uptake also showed favorable partitioning into
films. The use of aqueous complex coacervation as a strategy to encapsulate and deliver small
molecules in/from PEC films has significant potentials for applications related to biomedicine and
environmental remediation
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CHAPTER 7
ELECTROSPINNING FIBERS FROM OLIGOMERIC COMPLEX COACERVATES: NO CHAIN
ENTANGLEMENTS NEEDED
7.1 Abstract
We report the first demonstration that
the

non-entangled,

linear,

oligomeric

polyelectrolytes can be electrospun into
fibers using a single-nozzle setup. The
field of electrospinning is dominated by
parametric studies investigating a range
of parameters, in particular, polymer
concentration (CP) and chain lengths to identify conditions where the polymer chains are sufficiently
entangled. Entanglements are important because they held together the fiber jet during whipping
to prevent them from breaking up into beads. Previous work from our group ( CHAPTER
4) demonstrated that complex coacervation is a novel method to electrospin polyelectrolyte
fibers directly from water. In this work, we synthesized polyelectrolytes with a cascade of N from
500 to 10 (MW* ~ 86-1.4 kg/mol) and used quantitative knowledge of the phase behavior of
coacervates to identify the overlap and/or entanglement of the polyelectrolytes in solution. We
realized from the electrospinning of oligomeric coacervates that the presence of physical
entanglements was not necessary. The coacervates have greater viscosities compared to neutral
polymers of similar chain length. Therefore, we hypothesized that the associative electrostatic
interactions can take the place of entanglements by slowing the timescale for relaxation such that
we can spin even oligomers. These results imply that we can decouple the N requirements for
electrospinning from other N-dependent performance parameters of the fiber mats.
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7.2 Introduction
Electrospinning is a convenient, well-established technique to make non-woven mats
comprised of micro- and nano-scale fibers that have a large surface-to-volume ratio.2 Electrospun
fiber mats are multifunctional materials that can be produced using a scalable process,27-29 which
are widely used in tissue engineering,13-15 separations,17,18 and battery22,23 applications. While fibers
have been electrospun from over 100 different polymers,24 electrospinning has been limited to
relatively long polymers.
Electrospinning utilizes electric forces to drive the formation of fine fibers.31,34 Specifically, the
applied voltage is used to induce charges in the precursor solution to first form a Taylor cone at the
tip of the spinneret.32,33 The electric field pulls the polymer solution from the Taylor cone, creating
a jet that accelerates towards the collector plate. During the flight, the jets are further thinned into
micro- or nanometer diameters fibers due to intense whipping and bending instabilities.3234,38,41,252,253

To avoid the formation of droplets during the flight path, electrospinning has typically

relied on the physical entanglement of polymers in the spinning solution to slow chain
rearrangement and suppress capillary instabilities.
The need to prepare an entangled polymer solution places a lower bound on both the
concentration and the length of the polymers that can be used. Classical polymer physics describes
a critical entanglement molecular weight (MC) usually in the range of 10-20 kg/mol for polymers,
which indicates the minimal lengths for a polymer to entangle in a solution or melt.56,61,254 The
concentrations where the polymer begins to overlap and entangle are defined as the overlap
concentration (C*) and entanglement concentration (Ce). Longer polymers entangle at a lower
concentration. With regards to electrospinning, empirical evidence has suggested that smooth,
continuous fiber formation requires concentrations significantly above this entanglement threshold,
such that 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ~4 × 𝐶𝐶𝑒𝑒 .12,57-60,63,65,67

One consequence of this reliance on physical entanglements is the inability of electrospinning

polymers below Ce, whether as a result of low-N and/or low polymer concentrations (CP) in solution.
For example, in aqueous electrospinning the lowest N neutral polymers electrospun was poly(vinyl
alcohol) (PVA, 9-10 kg/mol, N ~200-230), which was entangled.68 Thus, alternative mechanisms
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that enable the electrospinning of polymer solutions without relying on entanglements aim at
slowing the relaxation time of the polymers in the solution. For example, an even lower N polymer,
poly(4-vinylpyridine) (P4VP, 5.2 kg/mol, N ~50) required the presence of a hydrogen-bonding
additive, 4,4’-biphenol, to enhance polymer interactions for electrospinning.255 On the other hand,
the spinning of a neutral polymer with a large N but below the Ce was enabled by adding small
amounts of a hyperbranched polymer.138,256 Studies have also shown that self-associating
materials, such as cyclodextrin257-260 and tannic acid261 can be electrospun into continuous fibers
due to aggregation.
While the electrospinning of charged polymers has typically suffered from challenges
associated with the self-repulsion of charges along the polymer chain, coacervation is an
associative liquid-liquid phase separation phenomenon that takes advantage of complexation
between oppositely-charged polymers to produce a largely charge-neutral solution, similar to a
neutral polymer solution.130,148,262 Furthermore, the ion-pairing interactions that drive coacervation
also provide stability after fiber formation, eliminating the need for chemical crosslinking or postprocessing. Previously, our team has demonstrated that complex coacervation can enable the
electrospinning of polyelectrolytes from water.39,245,263 Our work on electrospinning coacervates
took advantage of relatively long polymers that were physically entangled at the concentrations
present in the coacervate, i.e., poly(4-styrene sulfonic acid, sodium salt) (332 kg/mol, N ~ 1,800)
and poly(diallyldimethylammonium chloride) (400 kg/mol, N ~ 2,500),39,245 as well as a biopolymer
system formed with hyaluronic acid (199 kg/mol, N~500) and chitosan (50-190 kg/mol, N ~3001,100).263
In this work, we aim to demonstrate that the associative interactions that drive complex
coacervation can circumvent the need for physical entanglements and enable the electrospinning
of oligomers. To achieve this goal, we prepared coacervates from a series of anionic poly(3sulfopropyl

methacrylate

potassium)

(PSPMA)

and

cationic

poly([2-

(methacryloyloxy)ethyl]trimethyl ammonium iodide (PTMAEMA) polymers (Figure 63a). This series
of structurally similar methacroloyl polyelectrolytes allowed us to correlate coacervate phase
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behavior with electrospinnability as a function of chain lengths, spanning the range from a
physically entangled coacervate to one formed from unentangled oligomers.

Figure 63. (a) Chemical structures of poly(3-sulfopropyl methacrylate) (PSPMA) and poly([2(methacryloyloxy)ethyl]trimethylammonium) (PTMAEMA), chosen as a set of structurally-similar,
methacroloyl-based polyelectrolytes. Counterions of potassium and iodide were omitted from the
chemical structures for simplicity. (b) Photograph of a coacervate sample prepared from oligomeric
PSPMA and PTMAEMA with Nanion/Ncation = 6/9 and no added salt. The dense, polymer-rich
coacervate phase appears red due to the presence of the phenylcarbonothioylthio group from the
chain transfer agent. The coacervate was isolated from the polymer-poor supernatant before
electrospinning.
7.3 Results and Discussion
The goal of this study was to investigate whether the associative electrostatic interactions that
drive complex coacervation are sufficient to enable the electrospinning of unentangled coacervates
formed from oligomers. In particular, we combined electrospinning experiments with the
characterization of the phase behavior and linear viscoelasticity of our coacervate system as a
function of the degree of polymerization (N) and salt concentration (CS).
7.3.1 Coacervate Phase Behavior
We used controlled polymerization to make low polydispersity, oppositely-charged
polyelectrolytes that could be used to form coacervates. In particular, we selected a pair of
methacroloyl-based polyelectrolytes (Figure 63) as our model system to maintain a constant
polymer backbone and similar side-chain structure for both the anionic and cationic species. In this
work, we would refer to our various coacervate samples based on the chain lengths of the two
polymers involved, i.e., Nanion/Ncation.
To begin with, we characterized the phase behavior of our various polymer samples as a
function of added KBr concentration (CKBr) in Figure 64, Figure 10, and Figure 11. Complexes of
our methacroloyl polymers behaved as ‘saloplastic’ materials,78,95,204 forming solid precipitates at
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low CS, liquid-liquid phase separated complex coacervates at intermediate CS, and ultimately
transitioning to a single phase at high salt. Furthermore, an increase in polymer chain length led to
both an increased tendency for solid precipitation (Figure 10), and persistence of liquid
coacervates to higher CS and CP (Figure 64a and Figure 10), as expected based on previous
reports.97,100,165,203,264-266 In fact, precipitation was observed for all of our systems, except for the
shortest Nanion/Ncation = 6/9 system (Figure 10a).

Figure 64. Experimentally determined polymer-salt binodal phase diagrams for the complex
coacervation of (a) length-matched PSPMA and PTMAEMA showing the effect of increasing chain
length with Nanion/Ncation of 6/9, 18/23, 45/47, and 450/470, and (b) length-mismatched polymers
with Nanion/Ncation of 45/470, and 450/47. Tie lines connect data for corresponding coacervate
(closed symbols) and supernatant (open symbols) samples. CP is on a monomer basis. Error bars
are based on the uncertainty of measurement and propagation of error.
The driving force for complex coacervation is generally attributed to the large entropic gains
associated with the release of bound counterions from the individual polymers upon complex
formation.93,105,165,203,207,264-268 In particular, this localization of counterions, i.e., Manning
condensation,269 is facilitated by the high charge density of the polymer chain and is weaker at the
ends of a polymer chain. This ‘end effect’ helps to explain the observed decrease in the stability of
a coacervate as the polymer chains get shorter and the end effects become more significant.265
Furthermore, loss of sufficient counterion condensation in the limit of very short chains would be
expected to eliminate the driving force for coacervation. Our results are consistent with other
reports that include the coacervation of increasing chain lengths, while the lower limit in chain length
has not been rigorously explored in the literature, examples exist, for example, length-matched 12mer polypeptides of poly(lysine) and poly(glutamate)265 and a system of adenosine triphosphate
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(ATP) with a 10-mer of poly(lysine)270 formed coacervates. Yet our result that coacervates would
form from oligomers with Nanion/Ncation of 6/9 was not necessarily expected. We also ran a control
experiment to test the limits of phase separation by combining solutions of our oppositely-charged
methacroloyl monomers. However, no phase separation was visible by optical microscopy.
The phase diagrams in Figure 64 highlight the interplay between CP and CS in the coacervate
phase. A sample prepared at a concentration that falls under the binodal curve would phase
separate into a polymer-rich coacervate and a polymer-poor supernatant along a tie line. The
thermodynamic equilibrium described by this tie line complicates the preparation of samples with
different CP for use in electrospinning experiments where CP has traditionally been a key adjustable
parameter to control the spinnability and size of the resulting fibers.155 While it is straightforward to
simply prepare a more concentrated solution of a polymer by adding more polymer, a coacervate
sample that is prepared at a higher CP on the same tie line would simply produce a coacervate with
greater volume, rather than a coacervate with higher CP. However, by knowing the phase behavior
of our various polymer systems, we can prepare samples with a specified coacervate composition
for comparison across different length polymers.
We were also inspired by previous reports in the electrospinning literature where a long polymer
was used as a carrier to facilitate entanglements and the electrospinning of a shorter polymer.59
Thus, we also explored the effect of coacervates made from polymers with mismatched N and their
electrospinnability. We hypothesized that our longest chain length N ~ 500 polymers would have
the potential to entangle, while our shorter ~50-mers would not. This is an analogous approach to
the use of a longer carrier polymer to facilitate the electrospinning of an otherwise unspinnable
polymer, as has been commonly reported in the electrospinning literature.57,59,62,70,72,149,271
Therefore, we prepared coacervates from polymers with mismatched chain lengths of Nanion/Ncation
= 45/470, and 450/47. Interestingly, the data in Figure 64b show that the phase behavior of these
length-mismatched polymers is dominated by the shorter polyelectrolyte (Figure 64b). A detailed
analysis of these effects has been published elsewhere,100 but briefly, the dominance of the shorter
polymers on the phase behavior has been attributed to a loss of translational entropy from the
larger number of short polymers that must form a complex with a single longer polymer.
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Having demonstrated the importance of the shorter polymer species in controlling the phase
behavior of length mismatched systems, we wanted to confirm our observation by conducting
another control experiment. Our previous results had shown that no phase separation occurred
when two monomers were mixed. The results in Figure 64b suggest that mixing a long-chain
polymer with oppositely-charged monomers should also not produce coacervation. We tested this
hypothesis with our long-chain N ~ 500 polymers but observed no evidence of phase separation
via optical microscopy.
7.3.2 Coacervate Viscoelasticity
Next, we wanted to take advantage of our knowledge of the coacervate phase diagrams to
determine whether physical entanglements were present. Traditionally, the onset of entanglement
has been observed via rheology. Polymeric electrospinning precursor solutions are conventionally
characterized by measuring viscosity a function of CP in a log-log plot, as shown in Figure 65 and
Figure 66. While increasing CP would generally increase the solution viscosity, the presence of
entanglements can dramatically accelerate this trend in the power-law scaling.61 Therefore, a
typical sharp upward change in the slope of a log-log plot of viscosity vs. CP can be used to identify
Ce.
We chose two water-soluble and electrospinnable polymers, including a neutral polymer
poly(vinyl alcohol) (PVA)69 and a charged polymer chitosan,68 as examples to guide our
interpretation of the correlation between viscosity and spinnability as a function of CP (Figure 65
and Figure 66). For both PVA and chitosan, there is a clear change in the slope, indicating the
onset of entanglements, which can be observed at decreasing concentrations with increasing N.
To be specific, neutral polymers such as PVA typically had a power-law scaling of 0.1 above C*
and 3.4 above Ce, with no molecular weight dependence.68,69 Charged entangled polymers such
as chitosan, however, showed scaling behavior of 1.3 and 6 or more, due to backbone charge
repulsion.57-59,63,65,67
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Figure 65. Zero-shear viscosity plotted as a function of the total CP of the coacervate in weight
percent (w/v%) at different CS and chain lengths Nanion/Ncation = 6/9, 18/23, 45/47, and 450/470,
45/470, and 450/47. These data are compared to those for poly(vinyl alcohol) (PVA) of various
molecular weights in water (gray lines, generalized from experimental data).69 Lines represent fits
to the data indicating the power-law scaling. The dashed lines indicate the transition in slope,
characteristic of the chain entanglement. A more detailed plot and the statistical analysis on the
slopes of the coacervates samples were shown in Figure 66.

Figure 66. Zero-shear viscosity (η0) plotted as a function of the total polymer concentration of the
sample in weight percent (wt%, bottom) and the molar concentration of monomer (M, top). Data for
coacervates prepared at different salt concentrations and chain lengths Nanion/Ncation = 6/9, 18/23,
45/47, and 450/470, 45/470, and 450/47 are compared to those for poly(vinyl alcohol) (PVA) of
various molecular weights in water (gray lines, generalized from experimental data),69 and for
chitosan of 148 kg/mol (red data points).57 Lines represent power-law fits to the data. The dashed
lines indicate the concentration at which the change in slope was observed, characteristic of the
chain entanglement concentration.
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We examined the zero-shear viscosity of coacervate samples as a function of CP. We prepared
samples with different CS ranges to control CP in the coacervates by keeping in mind that greater
CKBr leads to lower CP. Thus, the change in polymer content, as well as the electrostatic screening
from the salt ions is also expected to decrease the viscosity of the resulting coacervates.78,95,204 For
example, for the 45/47 samples, the addition of CKBr in the range of 0.1-0.4 M resulted in
coacervates with CP of 2.2-1.3 M and a zero-shear viscosity of 398.4-5.2 Pa s, while for 450/470,
CKBr was modulated in the range of 0.3-0.6 M to produce coacervates with a similar 2.5-1.1 M range
of CP and viscosity of 649.4-2.3 Pa s. The effectiveness of KBr salt can be viewed in Figure 67,
which demonstrates the difference in the viscosity of 45/47 coacervates prepared at 0.1 M and 0.4
M KBr. The coacervates can flow freely when the vial was flipped upside down in 0.4 M KBr,
whereas the one in 0.1 M KBr was more gel-like. The viscosities of the coacervates were plotted
against the CP (wt%) in Figure 68.

Figure 67. Digital images as a transformation of a video clip which demonstrated the flowing of the
complex coacervates prepared with PTMAEMA/PSPMA of Nanion/Ncation = 45/47 in (left) 0.1 M KBr
and (right) 0.4 M KBr solution. At t = 0, the coacervates were coalesced at the bottom; t = 1s, the
vials were flipped upside down; t = 5-15 s the coacervate in 0.1 M KBr barely changed shape but
the coacervate in 0.4 M KBr were flown down against the wall from the top to the bottom.
We observed that the coacervates had greater zero-shear viscosities for a given concentration
compared to PVA of similar MW, but lower viscosity than a chitosan solution of larger MW (Figure
66).99,126,127 Also, there is little N-dependence on the magnitude of coacervates viscosity. For
example, at 30 wt% CP, all the coacervates had a zero-shear viscosity close to 10 Pa s, regardless
of N. In contrast, the viscosity of PVA spans across four orders of magnitude over the same N
range. We believe that this is because of the strong associative interactions that drive coacervate
formation. Even for our oligomeric coacervate sample (MW* ~1.3 kg/mol), the viscosity was over
two orders of magnitude greater than for PVA of 2 kg/mol. Thus, the electrostatic interactions are
the main contributor to the viscosity for coacervates, and are an indication of slow relaxation of
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polymers, rather than topological chain entanglements. Our hypothesis is that these strong
electrostatic interactions are sufficient on their own to facilitate the formation of a continuous fiber
jet, even for very short oligomers.

Figure 68. Zero-shear viscosity (η0) plotted as a function of the total polymer concentration of the
coacervate in weight percent (wt%) at different salt concentrations for samples prepared from (a)
length-matched polymers with Nanion/Ncation 6/9, 18/23, 45/47, and 450/470, and (b) lengthmismatched polymers with Nanion/Ncation 45/470, and 450/47. Lines represent fits to the data
indicating the power-law scaling. (c) Slopes of η0 vs. wt% of the coacervates from (a) and (b) plotted
as a function of molecular weights with asterisks indicating statistical analysis results based on a
two-tailed student’s t-test with p < 0.05.
While we were also unable to observe the kind of sharp transitions in the slopes of our viscosity
plots for any of our coacervates samples, we did observe a change in slope going from the system
of 20-mers to those with longer chain lengths. A statistical analysis based on a two-tailed, student’s
t-test with p<0.05 confirmed that the data for the 20-mers system was statistically significantly
different from that of longer polymers, while there was no significant statistical difference between
50 and 500-mers. It is also noteworthy that for the shorter oligomeric systems, a more detailed
analysis was limited by the number of data points. For mismatched systems, the 50-mers system
was significantly different from 450/47, and the 500-mers system was significantly different from
both mismatched systems.
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Coacervate viscosities were plotted with greater clarity against different systematic parameters,
i.e., total CKBr and CP in Figure 69. The normal polymer solution preparation method, which controls
the CP by adding polymers to a specific volume of solvent, was not applicable to study coacervates
because polymer and salt concentrations are thermodynamically coupled.

Figure 69. Zero-shear viscosity (η0) and polymer concentration plotted as a function of total KBr
concentration for coacervates formed with Nanion/Ncation of (a) 6/9, (b) 18/23, (c) 45/47, (d) 450/470,
(e) 45/470, and (f) 450/47. (g) η0 plotted as a function of the total KBr concentration of all N systems.
(h) Polymer concentration plotted as a function of total KBr concentration for all N systems. The
polymer concentration is on a total monomer basis.
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7.3.3 Coacervates and Polymer Chain Entanglement
As we were unable to observe evidence for chain entanglement based on an analysis of the
viscosity vs. CP behavior of our samples (Figure 65), we decided to couple our observations of
changes in the power-law slope with predictions for the entanglement concentration from theory.
Whether there were entanglements or not, the self-assembly mechanism requires that inter-chain
electrostatic interactions be present to form a coacervate phase. Therefore, one would expect that
the concentration of polymer present in the coacervate should be at least at or above C*.104
Using parameters for PMMA in a good solvent as the model system,61 we calculated the
threshold values of C C*, Ce, Cfiber as a function of the MW of PMMA (lines in Figure 70-Figure 71).
Longer polymers entangle at a lower concentration. For the ease of comparison, we plotted the
data for our various coacervate systems using the calculated values for MW*. The MW* is what we
defined as the weight average molecular weight of coacervates by omitting the counterions for both
polyelectrolytes due to their release during complexation (Table 2). See Methods for details
(Equations 12-13). The MW* of each coacervate system was plotted against coacervate CP in a
log-log plot along with C*, Ce, and Cfiber (Figure 70-Figure 71). Our calculations suggested that all
of the coacervates were had polymer concentrations that were near or above C*, as would be
expected for a complex coacervate. For instance, the concentration of our shortest oligomer
coacervate was 7% lower than the estimated C*, which is likely not a significant difference given
the assumptions used and the general nature of the calculation. Furthermore, the polymer chains
must experience some level of overlap to allow for the electrostatic complexation that drives phase
separation.
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Figure 70. Log-log plot of polymer concentration (CP, wt%) vs. average molecular weight (MW*) of
coacervates with increasing chain length (N) and salt concentration (CS). Estimation of the overlap
concentration (C*), entanglement concentration (Ce), and onset concentrations to form fibers (Cfiber)
were calculated by using the Kuhn length for poly(methylmethacrylate) (PMMA) in a theta
solvent.61,64 Pink shading indicates conditions above 4 × Ce, corresponding to the traditional
threshold for electrospinnability.
Physically speaking, there is a minimum molecular weight (MC) or chain length for polymer
entanglements. The MC for PMMA is MW ~15k, which is similar to coacervates with an average
N ~ 60. Thus, we expect that coacervates comprised of oligomers, 20, and 50-mers cannot achieve
physical entanglements at any concentration. Specifically, 45/47 was 70-80% lower than Ce, and
18/23 was ~90% lower than Ce (Figure 70-Figure 71). We also anticipated that our longest-chain
500-mers would have the best chance to be entangled, particularly given the relatively high
viscosity dependence on CP (Figure 65). While our prediction confirmed that some of our 500-mer
coacervate samples exceeded the theoretical entanglement concentration, none of the CP values
exceeded the traditionally predicted Cfiber threshold (Figure 70-Figure 71).
In addition to the polymethacroloyl system in this work, our group has previously electrospun
two other coacervates systems: PSS/PDADMAC (Mw* ~310 kg/mol)39,245 and hyaluronic
acid/chitosan (Mw* ~ 200 kg/mol).263 We estimate that both of these coacervate systems were
entangled, but did not exceed the theoretical Cfiber threshold. Inspired by the ways in which carrier
polymers have been used to facilitate the electrospinning a single polyelectrolyte,57,59,62,70,72,149,271
we also calculated for entanglements status of the length-mismatched systems of 45/470 and

115

450/47. Our hypothesis was that only the 500-mers can entangle leaving the 50-mers physically
unentangled. To prove this, we plotted the concentration of individual polyelectrolytes and the
corresponding coacervates against their respective molecular weights and MW* in Figure 70 and
Figure 71b, using the same PMMA model. Due to charge neutrality during coacervate
complexation, the unentangled 50-mers were 10× in greater quantity than entangled 500-mers. As
in the case of the longer 500-mers, our calculations suggested that the mismatched systems were
entangled, but that none of our coacervates systems of equal chain length or mismatched systems
would be predicted as spinnable from a traditional standpoint.

Figure 71. Log-log plot of polymer chain concentration of PSPMA (⊖), PTMAEMA (⊕), and
coacervates (●) for coacervates prepared with Nanion/Ncation of (a) 6/9, 18/23, 45/47, and 450/470,
and (b) mismatched 45/470, and 450/47, as a function of the individual number average molecular
weights (MN, g/mol) of the polymer’s average polymer molecular weights of the coacervates.
Estimation of the overlap, entanglement, and onset concentrations was determined using literature
data for poly(methylmethacrylate) (PMMA) in a good solvent.61 Pink shadow indicated 4×Ce which
was the spinnable fiber region predicted by the traditional electrospinning paradigm.
7.3.4 Electrospinning Complex Coacervates
The goal of this study was to challenge the current understanding of traditional
electrospinnability of polymer solutions, which requires entanglements to create a stable fiber jet.
Here, by taking advantage of the associative electrostatic interactions that drive complex
coacervation we are able to enable fiber formation via electrospinning. While conventionally
electrospinnable polymeric solutions require long and entangled polymers, we looked to push the
molecular weight limit of spinnablity, by taking advantage of the electrostatic interactions for even
oligomeric coacervates.
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We explored the spinnability for each of our different chain length systems as a function of the
as-prepared CKBr as a way of varying the CP. We were able to observe continuous and cylindrical
fibers formation for all of our different chain length samples, including oligomeric coacervates, with
lower salt being needed for shorter N. Although the average diameter of the fibers was not the main
focus of this work, we did qualitatively observe that larger fiber diameters occurred with increasing
CP, which was induced by a lower as-prepared CKBr. This observation agreed with the same CPdependence of fiber diameter with past studies where CP can be tuned independently.39 Due to the
relatively low CS used to prepare the polymethacroloyl coacervates, fibers had a smooth, excess
salt crystal-free fiber surface (Figure 72).

Figure 72. A schematic representation of the phase behavior and spinnability of complex
coacervates as a function of polymer chain length and the CP (in molarity and wt%) for the
coacervate samples. Scanning electron microscopy (SEM) micrographs highlight conditions where
electrospun polyelectrolyte complex fibers were obtained. Blue regions at higher CP indicate
conditions where coacervates formed but were too stiff to extrude through the spinneret in our
current setup. In contrast, green regions indicated conditions at lower CP where no fiber formation
was observed, potentially due to the low viscosity/fast relaxation of the samples and/or where
coacervation did not take place, i.e., a single-phase solution was observed. An “X” indicates that a
sample was prepared but failed to electrospin into fibers. The electrospinning apparatus conditions
were held constant for all samples, see (CHAPTER 3) for details. Coacervate electrospinnability
as a function of the as-prepared CS can be found in Figure 73. Coacervate spinnability was also
mapped onto the binodal curves in Figure 74.
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Figure 73. A schematic representation of the phase behavior and spinnability of complex
coacervates as a function of polymer chain length (N) and the “as-prepared” CKBr. The SEM
micrographs highlight conditions where electrospun polyelectrolyte complex fibers were obtained.
Grey regions at the lowest CS indicate conditions where solid precipitates, rather than liquid
coacervates were obtained. Blue regions at lower CS indicate conditions where coacervates formed
but were too stiff to extrude through the spinneret in our current setup. In contrast, green regions
indicated conditions at higher CS where no fiber formation was observed, potentially due to the low
viscosity/fast relaxation of the samples and/or where coacervation did not take place. An “X”
indicates that a sample was prepared but failed to electrospin into fibers.

Figure 74. Experimentally determined salt-polymer concentration binodal phase diagrams for the
complex coacervation of PSPMA and PTMAEMA with Nanion/Ncation of (a) 6/9, (b) 18/23, (c) 45/47,
(d) 450/470, (e) 45/470, and (f) 450/47. Polymer concentration is given in units of the molar
concentration of the total monomer (bottom axis) and wt% polymer (top axis). Tie lines connect
data for corresponding coacervate (closed symbols) and supernatant (open symbols). The region
highlighted in green indicate conditions where no fiber formation was observed, potentially due to
the low viscosity/fast relaxation of the samples and/or where coacervation did not take place. The
spinnable sample region is indicated in pink, and the region in blue indicates where samples were
too stiff to spin in our current setup .Some regions were determined by only one experiment.
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To prepare a spinnable coacervate solution, the CP and viscosity were key and can be achieved
by modulating CS for different N combinations. For example, our longest system of 500-mers was
spinnable at an as-prepared CS in the range of 0.5-0.6 M KBr. The polymeric interactions under
these conditions were adequate to facilitate fiber formation in this continuum of CP, as highlighted
in pink (Figure 72 and Figure 74). At higher CP (or lower CS), the complexes were too stiff to
electrospin using our current setup, as highlighted in blue. Notably, these stiff complexes could
potentially be spinnable using a setup designed for viscous solutions,272,273 which we did not explore
as our focus was on successfully electrospinning oligomeric coacervates without altering any
electrospinning operational parameters. At higher CS, the associative interactions in the coacervate
were too weak to facilitate fiber formation, and/or phase separation did not occur, as highlighted in
green. The same color scheme was used throughout this work to indicate spinnability (Figure 72Figure 74).
Looking at the electrospinning results of our lower N coacervates, it was stunning to observe
successful fiber formation for all of our coacervate samples (Figure 72). The spinning of oligomers
was especially outstanding, as this sample was far from the entanglement regime, and only just on
the cusp of the overlap concentration. Based on our control samples, which showed that the mixture
of oppositely-charged monomers could neither form a coacervate nor spin, the chain limit for
electrospinning is somewhere in the 1<N<6/9 range.
Interestingly, the mismatched 45/470 and 450/47 coacervates, which were analogs of a carrier
polymer system in spinning polyelectrolyte solution, were electrospun but in a different mechanism.
According to our estimation on entanglements, the 50-mers were not entangled and the 500-mers
were barely entangled, but not enough to be spinnable on their own. To identify the role of the 500mers in a mismatched system, we prepared and electrospun two sample solutions with the same
CP for 500-mer as in the coacervates in the presence of a charge equivalent of oppositely-charged
monomers. We observed no coacervate phase separation nor electrospun fibers. From this
experiment, we understood that the cooperative interactions between oppositely-charged polymers
were necessary to form a spinnable coacervate solution, rather than a single entangled
polyelectrolyte in solution. In contrast, a traditional carrier polymer that enables polyelectrolyte
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spinning must be long, self-entangled, and self-spinnable on its own, so as to dominate the
spinnability of a carrier polymer/polyelectrolyte blend.59 Therefore, the spinnability of coacervates
is fundamentally different from traditional electrospinning of polyelectrolyte solutions in the
presence of a carrier polymer; the spinnability of coacervates comes from the associative
electrostatic interactions rather than merely an entangled high molecular weight polymer.
A lower threshold on CP was observed with coacervates formed with Nanion/Ncation of 18/23,
which was the only system that showed a transition from spinnable to non-spinnable. We
modulated the as-prepared CKBr to 0.2 M to lower the CP. This sample had a very low CP (1.3 M on
a monomer basis, 10.3 wt%) and low viscosity (0.4 Pa s). Results from an electrospinning
experiment showed short fibers coming out from a larger coacervate splotch. This observation
would normally indicate that the sample was significantly unentangled, and is in agreement with
our estimation of 58% below Ce. Thus, this sample showed that the presence of phase separation
alone in a coacervate does not guarantee sufficient associative interactions to enable
electrospinning. However, further studies are needed to better isolate and understand this aspect
of coacervate electrospinnability.
While there have been reports where associative interactions have been used to drive
electrospinning of supramolecules, such as H-bonding facilitated spinning of P4VP,255 and the
electrospinning of self-associating cyclodextrins257-260 and tannic acid,261 this is the first time that
electrostatics have been examined in the context of coacervates. Our work highlights the use of
electrostatic interactions of extremely short polymers as a mechanism to enable electrospun fiber
formation without an entangled polymer network. While there has been significant effort in the field
detailing the rheological behavior of coacervates,126,128,132 these reports had been separated from
those related to electrospinning.41,137 Future efforts that look to combine these fields and establish
a more rigorous method for predicting and understand the rheological requirements of a spinnable
coacervate would have significant impact.
7.4 Summary
Our work demonstrates for the first time that the associative electrostatic interactions can
facilitate the electrospinning of oligomeric coacervates. The effect of entanglements was studied
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by using a pair of structurally similar polymethacroloyls, and no entanglements were observed for
coacervates formed with 50, 20, and oligomers. The phase behavior, viscosity, and subsequent
electrospinnability of complex coacervates were studied as a function of polymer N, as well as salt
and polymer concentrations. While we observed the expected trends of increasing viscosity with N
and CP, the magnitude of the viscosity was significantly bigger than for neutral polymers at the
same concentrations, suggesting that the associative electrostatics driving coacervation are
affecting the relaxation/flow behavior. However, the viscosity of the coacervates was greater than
neutral polymers, such as PVA, in the same concentration and showed no evidence of chain
entanglement. Therefore, both the high viscosity and the spinnability of coacervates indicated that
the electrostatic interactions that facilitate phase separation may also cause ample interpolymeric
friction to replace the topological entanglements typically provided by long-chain polymers.
Our ability to use complex coacervation to electrospin fibers from oligomeric materials has
significant implications regarding new materials design as it decouples the electrospinnability of
polymers from molecular weight requirements, thereby separating processing requirements from
final material properties, such as ultra-soft films and fiber mats as wound dressings. We suggest
that the aqueous complex coacervates have great potentials to be strategically used as a green
processing solution.
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CHAPTER 8
SLOW AND STRONG RELAXATION: THE MECHANISM OF ELECTROSPINNING COMPLEX
COACERVATES
8.1 Abstract
In this study, we identified the role of
the

electrostatic

interactions

in

an

electrospinnable complex coacervate via
rheology. It has been conventionally
understood that long and entangled
polymers were required to form an
electrospinnable solution because the entanglements can hold the polymers chains in place in a
fiber jet while it was intensely whipped and bent under the Rayleigh instability in the electric field,
thus preventing the jet from being broken up into droplets. However, our previous work (CHAPTER
7) demonstrated that non-entangled complex coacervates formed with oligomers were able to
electrospin into fibers. In these short methacroloyl coacervates, it was physically impossible to for
chains with length (N) <50 to entangle, meaning that the associative electrostatic interactions
driving coacervation were the only possible mechanism for facilitating continuous fiber formation.
In this work, we used rheological tools to determine the mechanism of coacervate spinnability in
five complex coacervate systems with diverse compositions, including strong and weak charges,
synthetic and natural polyelectrolytes, long and short N, and with and without cargo molecules. Our
results suggest that slower relaxation with stronger strength was generally achievable with greater
N and in lower salt concentration. Moreover, we surprisingly found that the electrostatic interactions
were strong enough to cause a relaxation mode sufficient to sustain electrospinning even in
oligomeric coacervates. Therefore, we propose that the relaxation behavior could be used as a
unified design rule to determine the spinnability of soft materials regardless of the chemistries and
compositions of the polymer, which can have a significant impact on engineering new materials for
electrospinning.
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8.2 Introduction
Electrospinning is a facile technique to make non-woven polymeric nanofibers which have large
surface-to-volume ratio.1-4 Electrospun fibers meet the needs of a new materials platform for many
applications, such as, wound dressings,5-12 tissue engineering,13-16 nanofiltration,17-19 and
environmental remediation.20,21 Although fiber mats have been electrospun from over 100 different
polymers,24 green processing has remained a challenge since toxic organic species were usually
involved in the electrospinning process as either solvents or in post-spinning chemical stabilization.
Electrospinning utilizes an electric field to pull fiber jets from a precursor solution to form nonwoven nano- and micro-fiber mats (Figure 73).1,3 In a typical electrospinning setup, the precursor
solution flows through the tip of a nozzle and the solution droplet deforms to form a Taylor cone
under the effect of an electric field.32,33 The electric force should overcome the surface tension of
the precursor solution to form fiber jets. Fiber jets are then whipped and bent intensely due to the
Rayleigh mechanical instability of liquids in the electric field which form ultra-thin fibers while
facilitating solvent evaporation.1,4,25,34,38 The hydrodynamic and surface tension forces involved in
electrospinning would generally be expected to drive the formation of droplets, rather than a
continuous liquid jet in the electric field. To overcome the instability and sustain a continuous fiber
jet, polymers should be sufficiently entangled to effectively slow down the relaxation enough to
prevent the fibers from breaking into droplets over the timescale of fiber formation.42,57,58,62,63,138140,149,274

The most common strategy to obtain an electrospinnable solution is by having long chain
polymers at high concentrations to achieve a sufficient number of entanglements to facilitate fiber
formation.68,274 While most of the neutral polymers were not soluble in water, polyelectrolytes, which
are highly soluble in water, have a significant viscosity-concentration dependence that can create
challenges in the preparation of an electrospinnable polyelectrolyte solution with a decent,
processable viscosity. To avoid the challenge of high viscosity, a self-spinnable polymer has been
blended with the polyelectrolytes to form electrospinnable precursor solution.6,59,70-76 Alternatively
additives have also been used to create “crosslinking” points255 that slow the polymer relaxation
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behavior to enhance spinnability.138,256 Otherwise, short linear macromolecules cannot be
electrospun into fibers by themselves.
Recently, we have demonstrated that electrospinnability can be decoupled from polymer N via
complex coacervation (CHAPTER 7). Coacervates are a class of new soft materials resulting from
an associative liquid-liquid phase separation due to electrostatic complexation.78,79,97-99 The high
polymer concentration and charge neutrality of coacervates79,241 are two key aspects that facilitate
successful electrospinning.39,245 Inside the coacervates, macro-ions “hopping” allows for a dynamic
equilibrium of ionic interactions that establish the fluid properties. Polyions can associate and
dissociate randomly with a nearby opposite neighbor polyelectrolyte, either form a new cluster or
go back to the original cluster (Figure 75a). The persistence of hops makes coacervates a
viscoelastic material with an extended relaxation time.126-128,133 The average time for an ion pair to
stay associated until dissociated was termed the association lifetime which can delay terminal
relaxation as new clusters form.66,129 Researchers have found that the slow viscoelastic relaxation
process was best understood and predicted by using a sticky-Rouse model where polyelectrolytes
were seen as connected, rigid rods that are capable of temporary electrostatic interactions (“sticky
points”) and cause polymer inflexibility.126-128,133

Figure 75. (a) A schematic of the “hopping” electrostatic interactions of oppositely-charged
polyelectrolytes in the complex coacervate solution. State 1 demonstrated the associative
complexation of a polyanion and a polycation, which form a cluster with actively interacting sites.
State 2 demonstrated the dissociation of the polyelectrolytes. State 3 demonstrated the
complexation of a polyanion and a different polycation to form a new cluster. The association and
dissociation of clusters by forming and breaking of electrostatic interactions on the polyelectrolytes
made the complex coacervates flow as liquid and viscoelastic. (b) A digital photograph of complex
coacervates prepared with PSS/PDADMAC in 1.6 M KBr solution. (c) A schematic representation
of the electrospinning apparatus. This figure demonstrated the formation mechanism and
electrospinning of coacervates.
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In CHAPTER 7, we synthesized and formed coacervates of a pair of structurally similar, strong
polyelectrolytes

poly(3-sulfopropyl

methacrylate

potassium)

(PSPMA)

and

poly([2-

(methacryloyloxy)ethyl]trimethyl ammonium iodide (PTMAEMA) of varying N. The oligomeric, 20-,
and 50-mer PSPMA/PTMAEMA coacervates were impossible to physically entangle (Figure 70).64
Therefore, only the electrostatic interactions in the coacervates were driving for the continuous fiber
formation. Having known that the electrostatic interactions alone can resist the Raleigh instability
for continuous fiber formation in the electric field, this work explores the effectiveness of “sticky
points” by analyzing the rheological relaxation behavior of complex coacervates of various systems.
Here, in addition to the data from the polymethacroloyl PSPMA/PTMAEMA coacervates system,
we also correlated the spinnability with multiple coacervates systems, including a long chain
PSS/PDADMAC system,39,245 hyaluronic acid (HA)/chitosan (CHI) as a set of natural
polyelectrolytes,263 as well as a polyacroloyl poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
(PAMPS)/poly([2-(acryloyloxy)ethyl] trimethyl ammonium) (PTMAEA) system (Figure 76).100

Figure 76. Chemical structures of the polyelectrolytes involved in this work: (a) poly(4-styrene
sulfonic acid, sodium salt) (PSS), (b) poly(diallyldimethylammonium chloride) (PDADMAC), (c)
poly(3-sulfopropyl
methacrylate
potassium)
(PSPMA),
(d)
poly([2(methacryloyloxy)ethyl]trimethylammonium iodide) (PTMAEMA), (e) poly(2-acrylamido-2-methyl-1propanesulfonic acid) (PAMPS), (f) poly([2-(acryloyloxy)ethyl] trimethylammonium) (PTMAEA), (g)
chitosan (CHI), and (h) hyaluronic acid (HA). Counterions were omitted for simplicity.
To understand the mechanism behind the spinnability of the coacervate solutions, it is useful
to study the dynamic mechanical response of coacervates, which can provide guideline parameters
to predict their electrospinnability.57-59,68,252,275 While traditionally electrospinnable solutions rely on
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having sufficient physical chain entanglements, coacervates are formed by temporary electrostatic
interactions

between

oppositely-charged

polyelectrolytes.

Both

of

these

aspects

of

electrospinnable materials impart viscoelasticity. Characteristic parameters to study the
viscoelasticity are the relaxation spectrum Η(𝜆𝜆𝑖𝑖 ), which describes the number and strength of

different relaxation modes, and the relaxation modulus G(𝑡𝑡), which is the integrated form of the
spectrum. While all liquids show a characteristic decay in the relaxation modes at sufficiently long

time, the relaxation for coacervates is strongly affected by the N, architecture and chemistry of the
polyelectrolytes, and salt concentration in the system. The relatively low N coacervates could be
described by the Rouse model without complicated modifications caused by chain
reptation.91,128,132-134 In contrast, for neutral polymers in solvent, the relaxation time is primarily
dominated by the presence of physical chain entanglements which sustain and relax stress
primarily by reptation.135 For example, longer chains, higher concentrations, and more branched
architectures result in longer relaxation times. Although the mechanisms of relaxation are caused
by different physical mechanisms, we hypothesize that the overall relaxation behavior should be
materials- and mechanism-independent and can serve as a more unified design rule for
electrospinning of soft matter. Previous studies had shown that even with very dilute neutral
polymer solution, as long as the relaxation time was sufficiently prolonged by having a
hyperbranched architecture, the solutions could still electrospun into fibers.136-140 We hypothesize
that electrospinning coacervate should be successful if the electrostatic interactions could relax
slowly with sufficient relaxation strength in the electrospinning timeframe, regardless of chain length.
The purpose of this work is to develop a mechanistic understanding of the correlation between
the coacervate spinnability and solutions rheological properties as parametric guidelines for further
design on spinnable coacervates. Our hypothesis is that the long relaxation time (𝜆𝜆) and sufficiently
strong electrostatic interactions are key to answer the question of electrospinnability of the
coacervates and was investigated as a function of both polymer N and the CS.
8.3 Discussion
The relaxation spectrum and relaxation modulus for all of our materials were calculated based
on Equations 7-10 using the built-in functions in the IRIS software package141,142 to convert
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frequency sweep data to relaxation parameters. This process was performed using master curves
created using time-salt superposition, and referenced to the appropriate sample condition.100 The
default setting to calculate a fit to the frequency sweep for each sample was to look for the minimal
number of relaxation modes. In general, the relaxation behavior of a coacervate would shift to lower
strength and faster relaxation with greater CS (lower CP) samples. However, the shifts in the
relaxation spectrum were not the same as the shift factors from the original time-salt superposition,
because the model of calculating for the relaxation modes was not a linear function with frequency
(ω) and storage and loss moduli (G’ and G”). We also looked into the integrated relaxation spectrum
with respect to time to examine the overall effect of relaxation behavior on coacervate spinnability.
There are five coacervates systems that we investigated and correlated their spinnability with
the relaxation in this chapter: 1) the canonical coacervate system of PSS/PDADMAC (CHAPTERS
4),39 2) the polymethacroloyl PSPMA/PTMAEMA (CHAPTER 7),100 3) the polyacroloyl
PAMPS/PTMAEA systems,100 4) the natural polyelectrolytes HA/CHI system,263 and 5) the dyecontaining canonical PSS/PDADMAC system (CHAPTER 5-6)245. The chemical structures of the
polyelectrolytes are shown in Figure 76. While the CS was a key parameter that altered the
coacervate phase behavior and rheological behavior, we also investigated the effects of N, cosolvent, the chemistries of the backbone and the presence of small molecule cargoes. In general,
we found out that with increasing CS (indicating lower CP) and decreasing N, the relaxation modes
were shifted to lower strengths and shorter relaxation times due to the weakening of polymeric
interactions in the coacervates, which agreed with previous reports on the relaxation of
coacervates.127-129 Ultimately, only the coacervates samples with a relatively strong and slow
relaxation behavior were electrospinnable.
8.3.1 Relaxation Behavior of PSS/PDADMAC Coacervates System
We first analyzed the relaxation behavior of the PSS/PDADMAC systems because we were
able to find a continuum of the spinnability of the coacervates formed in a wide range of CS. Based
on a previous PSS/PDADMAC study, it was determined that the transition of solid-to-liquid phase
was gelation, and distinguished that the “gel point” was 0.85 M KBr,91 below which a solid
coacervates would form. Above 1.8 M KBr, the coacervates transitioned to a single solution phase,
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the rheological response of which was below the detection limit of our instrument. Therefore, only
liquid coacervate samples formed in the range of CS = 1.0-1.8 M KBr were considered here to show
the trends in relaxation behavior as a function of CS (Figure 77).

Figure 77. Relaxation spectrum Η(𝜆𝜆𝑖𝑖 ) of PSS/PDADMAC coacervates over the range of CS = 1.0
to 1.8 M KBr. The solid circles indicate relaxation modes for coacervates that were too stiff to
electrospin, stars indicate spinnable samples, and empty circles designate coacervates which were
too “runny” to be electrospun into continuous fibers.
We observed that the relaxation spectrum Η(𝜆𝜆𝑖𝑖 ) of PSS/PDADMAC coacervates generally

shifted to lower relaxation strength and shorter relaxation time with increasing CS because greater

ionic strengths generally allowed for faster rearrangement of inter-polymer electrostatic interactions
(Figure 77). However, with our current electrospinning apparatus, we were only able to
electrospinning coacervates prepared in a certain CS region, i.e., 1.5-1.7 M KBr,39 as indicated by
the star symbols in Figure 77. Unfortunately, despite the trend of increasing CS shifting the
relaxation to weaker relaxation strengths and shorter relaxation times, we found it difficult to find
out direct correlation between Η(𝜆𝜆𝑖𝑖 ) and spinnability.

We next plotted a more fundamental parameter, the relaxation modulus G(t) which was the

integral of the Η(𝜆𝜆𝑖𝑖 ) with respect to time (Equation 7, Figure 78). G(t) is a continuous function over

time, indicating the collective effect of relaxation modes on the relaxation overall behavior of our
coacervates. Furthermore, the sum of products of the relaxation modes was the zero-shear
viscosity (Equation 10). This is a relatively new concept in determining the electrospinnability of a
polymeric solution. In the past, the spinnability was predicted based on the transition of slope in a
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log-log plot of viscosity vs CP. However, the connection of the two methods to viscosity implies that
this method could serve as a universal strategy for testing electrospinnability, regardless of
mechanism.

Figure 78. Relaxation modulus G(t) of PSS/PDADMAC coacervates prepared at a CS of (a) 1.0 M
KBr, (b) 1.1 M KBr, (c) 1.2 M KBr, (d) 1.3 M KBr, (e) 1.4 M KBr, (f) 1.5 M KBr, (g) 1.6 M KBr, (h)
1.7 M KBr, and (i) 1.8 M KBr.
The data in Figure 78 show a shift in G(t) to lower modulus and shorter relaxation with
increasing CS. This observation makes sense since G(t) is the integral of Η(𝜆𝜆𝑖𝑖 ). We propose that

in the microseconds timeframe (10-3 ms) which electrospinning takes place,35 the polymer chains
must not relax in order to sustain the continuity of the fiber jet. While the relaxation modulus in at
this electrospinning timescale decreased with increasing CS, the data in Figure 78h (a nonelectrospinnable sample) suggest a critical value for G(t), below which the coacervate solution was
unable to sustain a continuous fiber jet. While most of the attention has been focused on the
relaxation time of the precursor polymer solution,25,42,137,139 we for the first time discovered that the
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modulus of the polymer in the solution also matter in terms of the relaxation behavior and
electrospinnability of the material.
8.3.2 Relaxation Behavior of Polymethacroloyl Coacervates
Besides the effect of CS, we also used polymethacroloyl coacervates, as described in
CHAPTER 7, to study the effect of N on the relaxation behavior of the coacervates (Figure 77). As
demonstrated previously, greater N would broaden the phase behavior of the coacervates due to
better re-localization of the counterions away from the chain ends, i.e., Manning condensation.269
Having observed before that the relaxation shifted to lower strength and faster relaxation for greater
CS (lower CP) samples, we realized that lowering N should have the same effect on Η(𝜆𝜆𝑖𝑖 ) and G(t),

in agreement with classic polymer physics. For example, we can compare samples of different
chain lengths at the same CP of 2.2 M, on a monomer basis, i.e., 6/9 in 0 M KBr, 18/23 in 0.2 M

KBr, and 45/47 in 0.1 M KBr (Figure 63). For these samples, Η(𝜆𝜆𝑖𝑖 ) had broadened, showing

greater relaxation strength and slower relaxation with increasing N (Figure 79). Additionally, for the
mismatched systems comprised of Nanion/Ncation of 45/470 and 450/47 (Figure 79e-f), we found out
that the mismatched systems had Η(𝜆𝜆𝑖𝑖 ) more similar to the shorter combination of 45/47 rather

than the longer combination of 450/470. The details of why the shorter polymers dominate the
phase behavior and rheology of these mistmatched coacervates has been explained in more detail
in a different work by our group.100
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Figure 79. Relaxation spectrum Η(𝜆𝜆𝑖𝑖 ) of polymethacroloyl coacervates made of
PSPMA/PTMAEMA systems of chain lengths combinations Nanion/Ncation of (a) 6/9, (b) 18/23, (c)
45/47, (d) 450/470, and mismatched (e) 45/470, and (f) 450/47. The solid circles indicated
relaxation modes of coacervates that were too stiff to electrospin; the stars for spinnable samples;
and the empty circles for coacervates that were too “runny” to be electrospun into fibers.
Comparing the data for our different length coacervate samples, there were fewer relaxation
modes present in the coacervates for shorter N, such as the oligomeric 6/9 and 20-mers (Figure
79a-b), indicating a more uniform relaxation mechanism potentially due to having a short and rigid
chain configuration in the solution thus disabling the potential for multiple relaxation modes
associated with different interpolymeric interactions. It is worth noting that it was physically
impossible for the polymers with N<50 to have chain entanglements (Figure 70). Therefore, the
relaxation modes were only caused by the electrostatic interactions rather than any physical chain
entanglements in the coacervates formed with N<50, and the presence of these relaxation modes
was key to form continuous electrospun PEC fibers.
We observed that the relaxation shifted to smaller modulus and faster relaxation with
decreasing N and greater CS for the methacroloyl coacervates system (Figure 80). The goal was
to identify the limit and the lower threshold of the spinnability of coacervates prepared with low N
polymers. We learned in the case of PSS/PDADMAC that the presence of not only relaxation
modes, but also a sufficient modulus G(t) was key for coacervates spinnability. This represented
the collective effect of having multiple relaxation modes in Η(𝜆𝜆𝑖𝑖 ). For example, the only sample in

this system which was “too runny” to be electrospun into fibers was 18/23 in 0.2 M KBr (Figure
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80d). The data for this sample show one relaxation mode with a relatively lower relaxation strength.
The trends in these parameters compare both across the spinnable samples for 18/23 at 0.05 and
0.1 M KBr (Figure 80b-c), and with the spinnable oligomeric 6/9 sample at 0 M KBr (Figure 80a).

Figure 80. Relaxation modulus G(t) for polymethacroloyl coacervates made of
PSPMAS/PTMAEMA systems of chain lengths combinations Nanion/Ncation of 6/9 in (a) 0 M KBr,
18/23 in (b) 0.05 M KBr, (c) 0.1 M KBr, (d) 0.2 M KBr, 45/47 in (e) 0.1 M KBr, (f) 0.2 M KBr, (g) 0.3
M KBr, (h) 0.4 M KBr, 450/470 (i) 0.3 M KBr, (j) 0.4 M KBr, (k) 0.5 M KBr, (l) 0.6, and the
mismatched systems of 45/470 in (m) 0.1 M KBr, (n) 0.2 M KBr, (o) 0.3 M KBr, (p) 0.4 M KBr,
450/47 in (q) 0.1 M KBr, (r) 0.2 M KBr, (s) 0.3 M KBr, (t) 0.4 M KBr.
We hypothesize that the G(t) can be directly correlated to coacervate spinnability. Therefore,
we plotted the relaxation modulus of the electrospinnable coacervate systems into a single plot
over the timeframe electrospinning (Figure 81). We found a trend that at the ms timeframe, the
relaxation modulus has to be at least 100 Pa for a coacervate to be electrospinnable. Since this is
the first time that the electrospinnability was correlated to the relaxation strength, we are still unsure
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why 100 Pa was critical in a physics sense. Further efforts could be spent on understanding this
aspect of the strength of a polymeric mesh for it to withstand the bending and whipping in an electric
field under the Rayleigh mechanical instability.

Figure 81. Relaxation modulus in the timeframe of electrospinning for (a) the PSS/PDADMAC
systems in the presence of 1.5, 1.6, 1.7, 1.8 M KBr solution and (b) PSS/PDADMAC in the presence
of 1.6 M KBr and 5 mM of total BBG, FG, FS, R123, R6G, and RB, (c) the polymethacroloyl system
of Nanion/Ncation of 6/9 in 0 M KBr and 18/23 in 0.05, 0.1, and 0.2 M KBr solution, and (d) the
polyacroloyl system of Nanion/Ncation of 50/50 in 0.01, 0.05, and 0.10 M KBr solution. Solid lines
indicated electrospinnable coacervates samples, while the dash lines indicated coacervates that
were too “runny” to spin into continuous fibers. Dash-dot line indicated the 100 Pa threshold,
coacervate samples above which we proposed to have spinnability.
8.3.3 Relaxation Behavior of the Polyacroloyl Coacervates System
We extended our investigation to include the electrospinnability of a polycroloyl system, which
had been previously reported on by our group with regards to the effect of backbone hydrophobicity
on coacervate phase behavior and rheology.100 The results of this work showed that the lack of a
methyl group in the backbone resulted in weaker coacervation (i.e., lower CP, faster relaxation).
Therefore, at first we did not expect that the electrospun fibers should form since the 50-mer
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polyacroloyl coacervates was expected to behave similarly to a 5-mer, polymethacroloyl
coacervate sample. However, upon testing the electrospinning of these materials, we observed
smooth, continuous fibers of 50-mers of the polyacroloyl coacervates (Figure 82).

Figure 82. SEM micrographs of the electrospun fibers from the polyacroloyl system with
Nanion/Ncation of 50/50 prepared in 0, 0.01, 0.1, 0.05, and 0.20 M KBr solution. Scale bar was 5 μm.
Similarly, we obtained the Η(𝜆𝜆𝑖𝑖 ) (Figure 83) and G(t) (Figure 84) for the polyacroloyl

coacervates as a function of N and salt concentration. The Η(𝜆𝜆𝑖𝑖 ) and G(t) decay of the polyacroloyl
50-mers coacervates were similar to that of the polymethacroloyl 6/9 system, which agreed with

our previous study on the N effect and the difference in backbone chemistry.100 Overall, we
observed the same weaker and faster relaxation of the polymer chain with lower N and greater CS
in the polyacroloyl system as the other two systems considered thus far.

Figure 83. Relaxation spectrum Η(𝜆𝜆𝑖𝑖 ) of polyacroloyl coacervates made of PAMPS/PTMAEA
systems of chain lengths combinations Nanion/Ncation of (a) 50/50, (b) 250/250, (c) 1000/1000, and
(d) 2000/2000. The solid circles indicated relaxation modes of coacervates that were too stiff to
electrospin; the stars for spinnable samples; and the empty circles for coacervates that were too
“runny” to be electrospun into fibers.
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Figure 84. Relaxation modulus G(t) of polyacroloyl coacervates made of PAMPS/PTMAEA
systems of chain lengths combinations Nanion/Ncation of 50/50 in (a) 0.01 M KBr, (b) 0.05 M KBr, (c)
0.1 M KBr, 250/250 in (d) 0.05 M KBr, (e) 0.10 M KBr, (f) 0.15 M KBr, 1000/1000 in (g) 0.4 M KBr,
(h) 0.45 M KBr, (i) 0.5 M KBr, (j) 0.55 M KBr, (k) 0.6 M KBr, and 2000/2000 in (l) 0.4 M KBr, (m)
0.45 M KBr, (n) 0.5 M KBr, and (o) 0.55 M KBr.
8.3.4 Relaxation Behavior of HA/CHI Coacervates
The HA/CHI system was the one and only natural polyelectrolyte system, and the only set of
week polyelectrolytes that we examined. However, solution conditions were chosen such that the
polyelectrolytes could be assumed as fully ionized.263 As with all of our samples, we observed that
salt caused weaker and faster relaxation. Since HA and CHI have -OH groups which were very
hydrophilic and would tend to be in the more water-rich phase, the HA/CHI coacervates were
challenging to form by resisting salt. For example, 0.7 M NaCl was enough to dissolve the HA/CHI
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coacervates network and form a single phase. Furthermore, the HA/CHI sample in 0.65 M NaCl
solution has very similar Η(𝜆𝜆𝑖𝑖 ) compared with PSS/PDADMAC system in 1.8 M NaCl solution,

whose average N was even greater than HA/CHI (Figure 85a).

Figure 85. Relaxation spectrum Η(𝜆𝜆𝑖𝑖 ) of coacervates made of HA/CHI prepared in (a) water in 0.3,
0.4, 0.5, 0.6, and 0.65 M NaCl, and (b) 3 wt% ethanol in 0.4, 0.5, 0.6, and 0.7 M NaCl, (c) 5 wt%
ethanol in 0.5, 0.6, and 0.65 M NaCl, (d) 8 wt% methanol in 0.5, 0.6, and 0.7 M NaCl, (e) 3 wt%
methanol in 0.5, 0.6, and 0.7 M NaCl, (f) 5 wt% methanol in 0.5, 0.6, and 0.7 M NaCl, and (g) 8
wt% methanol in 0.5, 0.6, and 0.7 M NaCl.
We also investigated the effect of alcohols to the formation and electrospinnability of the
complex coacervates because we hoped to enhance the hydrophobicity of the solution environment
to enhance the cohesion of coacervates and facilitate the formation of coacervates. We previously
learned that the addition of 3-8wt% of ethanol and methanol increased the viscosity of the
coacervates, and accelerated solvent evaporation during the electrospinning process.263 This trend
was reflected by the broadening of the Η(𝜆𝜆𝑖𝑖 ) and G(t) with the alcohol (Figure 85b-g and Figure
86f-z), with greater relaxation strength with slower relaxation time. Another interesting observation
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was that the addition of alcohol did not alter the presence of multiple strong modes which caused
the relaxation decay of HA/CHI coacervates slowly (Figure 85 and Figure 86).

Figure 86. Relaxation modulus G(t) of coacervates made from hyaluronic acid/chitosan systems
in water in (a) 0.3 M NaCl, (b) 0.4 M NaCl, (c) 0.5 M NaCl, (d) 0.6 M NaCl, (e) 0.65 M NaCl, in 3
wt% ethanol in (f) 0.3 M NaCl, (g) 0.4 M NaCl, (h) 0.5 M NaCl, (i) 0.6 M NaCl, (j) 0.7 M NaCl, in 5
wt% ethanol in (k) 0.4 NaCl, (l) 0.5 M NaCl, (m) 0.6 M NaCl, (n) 0.7 M NaCl, in 8 wt% ethanol in
(o) 0.5 M NaCl, (p) 0.6 M NaCl, (q) 0.7 M NaCl, in 3 wt% methanol in (r) 0.5 M NaCl, (s) 0.6 M
NaCl, (t) 0.7 M NaCl, in 5 wt% methanol in (u) 0.5 M NaCl, (v) 0.6 M NaCl, (w) 0.7 M NaCl, in 8
wt% methanol in (x) 0.5 M NaCl, (y) 0.6 M NaCl, (z) 0.7 M NaCl.
8.3.5 Relaxation Behavior of Dye-Containing PSS/PDADMAC Coacervates
We also examined the dye-containing PSS/PDADMAC coacervates described in CHAPTER 6.
We first looked at the effect of the dye concentration in the coacervates with dye molecules of larger
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molecular size, i.e., BBG and FG (Figure 87). While the presence of a small amount of BBG and
FG did not alter the relaxation spectra of the coacervates, increasing concentrations of BBG and
FG generally shifted the relaxation spectrum coacervates to lower relaxation strength and faster
relaxation. However, FG had a stronger effect on weakening and hastening the relaxation due to
having more charges which swell the coacervates that lead to weaker interpolymeric interactions.
It was worth noting that Cdye in each coacervates did not follow the same trend as the as-prepared
Cdye because BBG partitioned more favorably into the coacervates than FG. Therefore, even
though the spectrum shifting in the FG-containing coacervates seemed small, the shifting was
caused by a much lower FG concentration. The relaxation modulus of the BBG- and FG-containing
coacervates were also plotted in Figure 88 to demonstrate the overall relaxation of the coacervates
in the presence of increasing BBG and FG.

Figure 87. Relaxation spectrum Η(𝜆𝜆𝑖𝑖 ) of coacervates made of PSS/PDADMAC in the presence of
(a) BBG and (b) FG. Both BBG- and FG-containing coacervates were prepared with 5, 10, and 15
mM total as-prepared Cdye. The stars indicated relaxation modes for spinnable coacervates
samples; and the empty circles for coacervates that were too “runny” to be electrospun into fibers.
The coacervates characterization for BBG and FG encapsulation as a function of as-prepared Cdye
was shown in Figure 22.
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Figure 88. Relaxation modulus G(t) of dye-containing PSS/PDADMAC coacervates in the
presence of 1.6 M KBr solutions containing as-prepared BBG of (a) 5 mM, (b) 10 mM, and (c) 15
mM, and as-prepared FG of (d) 5, (e) 10, and (f) 15 mM.
As in our previous coacervate systems, salt facilitated faster and weaker relaxation even in the
presence of dye due to charge screening in greater ionic strength environments Figure 89.
Moreover, we also found out that in 1.6 M KBr solution, the presence of dye eliminated a number
of relaxation modes, indicating that fewer relaxation mechanisms were present due to weaker
interpolymeric interactions and lower CP (Figure 89c,e,f). The characterization of dye-containing
coacervates was shown in Figure 23, Figure 26, and Figure 34. In addition, we showed dye-free
and dye-containing samples together to identify the effect of dye (Figure 90). We realized that with
a total of 5 mM dye in the as-prepared samples, there is no significant shifting of relaxation
spectrum, which indicated that the presence of small Cdye did not dramatically alter the trend of the
relaxation spectrum, but did shift the location of modes, indicating weaker interpolymeric
interactions. The same trends for the relaxation modulus held for other dyes as well, i.e. BBG and
FG in Figure 91, and FS, R123, R6G, and RB in Figure 92 as a function of as-prepared CKBr.
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Figure 89. Relaxation spectrum Η(𝜆𝜆𝑖𝑖 ) for PSS/PDADMAC coacervates in the presence of (a) BBG,
(b) FG, (c) FS, (d) R123, (d) R6G, and (f) RB in different KBr concentrations. The total Cdye was 5
mM in the total as-prepared coacervates sample. The solid circles indicated relaxation modes for
coacervates that were too stiff to spin; starts indicated spinnable coacervates samples; and the
empty circles for coacervates which were too “runny” to be electrospun into fibers. The dyecontaining coacervates characterization were shown in Figure 22, Figure 25 and Figure 33. The
relaxation modulus of the dye-containing coacervates in different KBr solutions were shown in
Figure 89 for BBG and FG, and in Figure 90 in FS, R123, R6G, and RB.

Figure 90. Relaxation spectrum Η(𝜆𝜆𝑖𝑖 ) for dye-free, BBG-, FG-, FS-, R123-, R6G-, and RBcontaining PSS/PDADMAC coacervates in (a) 1.5 M KBr and (b) 1.6 M KBr. The total as-prepared
Cdye in coacervates was 5 mM for all samples.
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Figure 91. Relaxation modulus G(t) for PSS/PDADMAC coacervates in the presence of BBG in (a)
1.4 M KBr, (b) 1.5 M KBr, and (c) 1.6 M KBr, and FG in (d) 1.4 M KBr, (e) 1.5 M KBr, and (f) 1.6 M
KBr. The total as-prepared Cdye was 5 mM total for all samples.

Figure 92. Relaxation modulus G(t) for PSS/PDADMAC coacervates prepared in 1.5 M KBr in (a)
FS, (b) R23, (c) R6G, and (d) RB, and in 1.6 M KBr in (e) FS, (f) R23, (g) R6G, and (h) RB. The
total as-prepared Cdye was 5 mM total for all samples.
8.4 Summary
Our work demonstrates for the first time that the relaxation spectrum Η(𝜆𝜆𝑖𝑖 ) and relaxation

modulus G(t) can be used to correlate the electrospinnability of complex coacervates. We
examined a wide range of complex coacervate systems, including strong and weak
polyelectrolytes, synthetic and natural polyelectrolytes, and long and short polyelectrolytes. We
found out that the coacervates shifted to faster relaxation and weaker relaxation strength with
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shorter chain length and in greater salt concentration. For complex coacervates formed with
extremely short polymers, the relaxation modes were caused by strong electrostatic interactions,
with limited number of modes due to the simplicity of polymer relaxation mechanisms.
This is the first time that the electrospinnability has been correlated to the polymer solution
directly with respect to the relaxation behaviors rather than the viscosity, though connections to
viscosity can also be described by our approach. We realized that the minimal relaxation modulus
must be approximately 100 Pa in the millisecond timeframe for a complex coacervate solution to
be electrospinnable. For the first time, we developed a mechanistic understanding of the
electrospinning of complex coacervates. The chain lengths and entanglements requirements were
bypassed to form a spinnable solution, which could be predicted by the relaxation modulus.
Our ability to correlate the relaxation behavior of the complex coacervates to develop design
rules for electrospinning coacervates has significant implications regarding engineering new
materials platform for electrospinning. We hypothesize that such design rules should also be
applicable to other electrospinning precursor solutions, including neutral and charged polymer
systems, homogeneous and heterogeneous systems.
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CHAPTER 9
Contribution to Collaborations
9.1 Rheological Examination on the Formation and Dissolution of Hydrogels via Click
Chemistry (in Collaboration with Thayumanavan Group in Chemistry)
This section was adapted with permission from Zhuang, J., Zhao, B.; Meng, X.; Schiffman, J.
D.; Perry, S. L.; Vachet, R. W.; Thayumanavan, S. A programmable chemical switch based on
triggerable Michael acceptors. Chem. Sci., 2020, 11, 2103-2111 (DOI: 10.1039/C9SC05841A).
Published by The Royal Society, copyright 2020.
A triggerable chemical reaction that can offer tunability and orthoganality is desired for
biological applications and materials design. In this work,276 a chemical switch that involves simple
and versatile Triggerable Michael Acceptor (TMAc) was developed to address the need of “triggerto-release” and “trigger-to-reverse” chemistry to form and dissolve hydrogels (Figure 93). The
reaction mechanism involves thiol and amine moieties, which were abundant and important
nucleophiles commonly found in chemical and biological processes. The thio-X click reaction and
amidation have been well studied to form C-S/C-N bonds. The debonding mechanism of C-S and
C-N can be classified as “trigger-to-reverse” and “trigger-to-release”. The “trigger-to-reverse”
reaction is based on reversible reactions to regenerate the original reactant species, whereas the
“trigger-to-release” reaction uses an efficient bond formation to cleave the preinstalled group of
interest. Our interest is to capture the thiol/amine associated reactions to capture the advantageous
“trigger-to-reverse” and “trigger-to-release” kinetics processes. In this study, a wide range of thioland ammonium-based chemical species with engineered structures to allow for programmable
click-to-release kinetics and customizable declick reversibility.

Figure 93. A schematic representation of a scaffold with programmable features in the trigger-torelease and trigger-to-reverse processes.276 Adapted with permission from Zhuang, J., Zhao, B.;
Meng, X.; Schiffman, J. D.; Perry, S. L.; Vachet, R. W.; Thayumanavan, S. A programmable
chemical switch based on triggerable Michael acceptors. Chem. Sci., 2020, 11, 2103-2111 (DOI:
10.1039/C9SC05841A). Copyright 2020 the Royal Society.
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My contribution in this project was to use rheological tools to characterize the formation and
dissolution kinetics of a hydrogel formed with a thiol-functionalized 4-armed poly(ethylene glycol)
(PEG) and a bifunctional ammonium crosslinker 37 (Figure 94). An amplitude sweep was first
performed to find out the linear viscoelasticity regime of the sample to prevent structure destruction
of the sample during measurement. A frequency sweep analysis was performed to a pre-formed
hydrogel with strain of 0.1% and over the frequency sweep range from 100-1 rad/s. We observed
a dominant, flat storage modulus G’ over loss modulus G’’ (Figure 94b), which suggested that a
firm hydrogel network was formed but with very weak mechanical properties. And this result is
reasonable because the sample hydrogel contained 95 wt% of water. The hydrogel was additionally
functionalized and characterized. Later, I captured the dissolution kinetics of the gel under chemical
reversal caused by uncrosslinking. With the addition of hexaethyleneglycol-monomethyl-ether thiol,
the hydrogel network could be triggered to fall apart, as evidenced a significant loss in both storage
and loss moduli (Figure 94e).

Figure 94. TMAc chemical switch for hydrogel preparation and orthogonal manipulation. (a)
Illustration of hydrogel network formation and orthogonal manipulation on post-gelation properties.
(b) Frequency sweep of storage modulus G’ and loss modulus G’’ of pre-cured hydrogel. (c)
Tetrazole photo-click with 9 followed by UV-vis and fluorescent spectroscopy. (d) Images of photopatterning hydrogel. Top left: Hydrogel before tetrazole addition; top right: Addition of tetrazole to
hydrogel above pattern-masked UV lamp. Bottom right: Hydrogel with tetrazole exposed to UV
irradiation for 2 minutes. Bottom left: Patterned hydrogel after removal of unreacted tetrazole. (e)
In situ rheological measurement on thiol-triggered hydrogel dissolution as a function of time. (f)
Hydrogel for cargo encapsulation and thiol-triggered release followed by fluorescence evolution of
supernatant. Inserted image: corresponding photograph of hydrogel incubated with and without
thiol.276 Adapted with permission from Zhuang, J., Zhao, B.; Meng, X.; Schiffman, J. D.; Perry, S.
L.; Vachet, R. W.; Thayumanavan, S. A programmable chemical switch based on triggerable
Michael acceptors. Chem. Sci., 2020, 11, 2103-2111 (DOI: 10.1039/C9SC05841A). Copyright
2020 the Royal Society.
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9.2 UV/Vis Examination to Determine The Bandgap Of Nanoparticles (in Collaboration with
the Nonnenmann Group)
This section was adapted from Zhou, Z.; Lopez-Dominguez, P.; Abdullah, M.; Barber, D.;
Meng, X.; Van Driessche, I.; Schiffman, J.D.; Kittilstved, K.; Crosby, A.; De Roo, J.; and
Nonnenmann, S.S. Memristive Behavior of Mixed Oxide Nanocrystal Assemblies. In revisions.
Resistive switches, or memristors, have the potentials to enable the miniaturization of nextgeneration neuromorphic computing components due to having faster switching speeds, lower
power consumption, higher scalability, and greater 3-D integration. Recently, solution-processed
zero-dimensional nanocrystals (NCs) have garnered significant research interest as constituent
materials in memristive or resistive switching applications due to their physical flexibility, low powerconsumption, and low fabrication cost. Resistive switching is defined by a reversible change in
resistance between a high and a low resistance state that depends on the history of the applied
external voltage. In this work,277 a facile technique of Blade-Assisted Flow Coating was
incorporated in preparing for the nanoribbon assemblies comprising NCs, i.e., BaZrO3 (BZO) and
SrZrO3 (SZO), capped with phosphonic ligands as a platform to study memristive phenomena in
solution-processed mixtures. The diameters of BZO were 2.7 nm (BZO-2.7) and 5 nm (BZO-5),
and SZO was 2.4 (SZO-2.4) nm and 9 nm (SZO-9). We hope to understand the effects of
nanocrystal size, packing density, and A-site substitution on operating voltage and switching
mechanism were studied through a systematic comparison of nanoribbon heterogeneity, i.e., BZOBZO vs. BZO-SZO, and dispersity i.e., small-small; small-large.
My contribution in this work was to use UV/Vis to characterize the bandgap of different NPs
systems to provide insights on the correlation between HRS/LRS and bandgap. All NCs samples
were first dispersed in 2-3 mL toluene and placed in a quartz cuvette. The UV wavelengths was
controlled from 190-1100 nm using 1 nm increment. The spectrum was collected and converted to
the bandgap by using the Tauc Plot Method (Equation 19), where α is the absorption coefficient,
ℎ𝑣𝑣 is the incident photo energy, 𝑘𝑘 is the energy independent constant, and 𝐸𝐸𝑔𝑔 is the bandgap.

Equation 19

(𝛼𝛼ℎ𝑣𝑣)2 = 𝑘𝑘 × �ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔 �
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The estimated bandgaps for BZO and SZO systems (Figure 95c-d) displayed a
distinct red-shift in energy with decreasing nanocrystal diameter. The narrowing bandgap
energy is attributed to an increase in oxygen vacancy concentration in smaller diameter
nanocrystals, which ultimately raises the valence band maximum. The increased presence
of oxygen vacancies creates localized intra-bandgap defect states that significantly alter the
p-d charge transfer transitions and subsequently reduce the bandgap. The increased
vacancy concentration manifests as both lower SET (threshold) voltage and improved
switching

uniformity

for

nanocrystal

assemblies.

In

the

second

half

the

NCs

characterization, it is also shown that the packing density also has an effect on the
resistance states of the NCs.

Figure 95. (a) A plot of the cumulative probability for the onset voltage (VSET in bipolar systems;
BZO-5; VTH in threshold systems; BZO-2.7, SZO-2.4, SZO-9). (b) An endurance plot of BZO-2.7
measured over 100 cycles at a read voltage of 1.25 V and displaying a selectivity of ≥ 103. The
bandgap estimated by the Tauc Plots (Equation 19) for (c) BZO and (d) SZO systems.277
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CHAPTER 10
CONCLUSIONS
This dissertation demonstrates the first example of electrospinning complex coacervates into
PEC fibers. This demonstrates a paradigm shift in the ability to electrospin a precursor solution
without the traditionally required physical polymer chain entanglements. Furthermore, complex
coacervation also meets the desire for fully green, aqueous processing platform that completely
avoids the use of organic chemicals during and after the manufacturing of ultra-stable, fiber mats.
In this dissertation, we also correlated the coacervate spinnability with their rheological properties
to provide a parametric design rule for using coacervates as a precursor solution.
In the first half of this dissertation, we used a well-established model complex coacervate
system PSS/PDADMAC to demonstrate spinnability. The resulting as-spun fibers consisted only of
the two polyelectrolytes and salt. A wide range of electrospinning apparatus conditions and CP were
able to form electrospun fibers. The as-spun PEC fibers were chemically and thermally ultra-stable
due to having strong electrostatic attraction between oppositely-charged polyelectrolytes.
Coacervates have the potential to be developed into an environmentally benign electrospinning
materials platform.
Next, we took a step back to develop a mechanistic understanding of electrospinning complex
coacervates. We synthesized a set of backbone-matched methacroloyl polymers of different chain
lengths and formed coacervates. Amazingly, all the coacervates were successfully electrospun into
continuous fibers, including an oligomeric Nanion/Ncation 6/9 coacervate system where no physical
chain entanglements were possible. After correlating the spinnability of coacervates with their
rheological behavior, we found out that spinnable coacervates had sufficiently prolonged relaxation
time and strong relaxation modulus due to interpolymeric electrostatic interactions. We suggest
that the relaxation behavior can be used as a more universal and unified design rule to predict the
spinnability of soft matter, not only for complex coacervates but also for other potentially interesting
solutions, by decoupling the solution rheological properties with their polymer chemistries and
compositions. The ability to electrospin oligomeric coacervates can significantly allow for
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decoupling polymer chain length from electrospinnability thus, enabling fibers formation from
chemical species that were previously considered non-spinnable.
We moved on to harness the great encapsulation capability of coacervates to enable the direct
encapsulation of PEC fiber and films via complex coacervation and studied the release and uptake
properties of the PEC films. We chose a family of six dyes as model drugs and observed that all
the dyes partitioned preferably into the complex coacervate phase, allowing the subsequent
electrospinning of highly-loaded fibers and films. Dyes that were electrostatically attracted to PSS
and could therefore also experience π-π interactions partitioned even more favorably into the
coacervate phase, slowed the release from within PEC fibers when exposed to aqueous solutions,
and exhibited enhanced uptake by fibers. These findings have the potential to inspire the use of
PEC fibers in applications related to biomedicine, energy, and separations, where controlling the
uptake and release of cargo into sponge-like mats is needed.
10.1 Future Work
There are many interesting aspects we would have explored if more time was allowed. Building
on the current progress described in this work, future researchers could consider maturing the
technique of complex coacervation to meet the pressing need for a green and environmentally
benign processing mechanism to solid substrates comprised of materials that were difficult or
impossible to be processed with conventional methods. It would be delightful for us to find out later
that complex coacervation is developed into applications where a fully green soft material is
required.
10.1.1 Structure and Performance Correlation of Coacervate-Processed Substrates
Having proved that electrospinning oligomers decouples the requirements for long and
concentrated polymers solutions, it would be interesting to systematically study and correlate the
properties of the fiber and films made with materials that would otherwise be impossible to process.
For example, we propose the use of low N complex coacervates to form cargo-containing PEC
films and fibers to deliver small molecule delivery via polymer dissolution. We hypothesize that the
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dissolution rate would be directly linked to and modulated by the N of the polymers, thus affecting
the release rate of small molecules.
On another hand, the ability of PEC films to sequester thus remove the small molecules from
the surroundings could be enhanced. We have demonstrated the use of cargo-containing
coacervate-spin coated films to release small molecules in a wide range of aqueous and organic
solutions. It would be great if we can harness the ultra-robust nature of PEC films and enhance the
ability of PEC films to attract molecules from hazardous environments by chemically modifying the
side chains and incorporating functional groups, such as hydrogen-bonding donor/acceptor sites,
to allow for greater partitioning of small molecules within the film.
10.1.2 Enhancing the Mechanical Properties of PEC Fibers/Films
One other aspect of this dissertation that we lacked the time to explore is to enhance the
mechanical properties of the as-spun PEC fibers and the spin coated PEC films by altering the
electrostatic interaction densities. While the mechanical properties of the PEC materials had been
known to be salt- and moisture-responsive (saloplastic and hydroplastic),95,177,278 the highly
electrostatically interactive network cause the PEC solids to be extremely brittle in a low humidity
environment, thus impeding their use. Therefore, we hypothesize that we could enhance the
mechanical strength, specifically the elasticity, of the PEC solids by adding a neutral component in
the polyelectrolytes structure to dilute the charge density of the PEC solids, as well as to introduce
a pseudo “rubbery domain” to the polymer matrix to mimic the structure of thermoplastic
elastomers.
Our first attempt was using the 2-hydroxyethyl methacrylate (HEMA) as the neutral monomer
system because of its structural similarity with the polymethacroloyl coacervates we used in
CHAPTERS 7-8 (Figure 96). The neutral part could be incorporated in the polyelectrolytes in
blocks to form a block copolymer (BCP) or randomly to form a random copolymer (RCP). We have
successfully synthesized the RCP and formed coacervates (N ~100). We propose that the
complexation of the RCP coacervates system should look like Figure 97a, where the electrostatic
polymers would be interacting to form a “glassy domain” while the neutral components form a
“rubbery domain.” Upon sonication after electrospinning into fibers or spin coating into films, the
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PEC solids should have the component-dependent tensile and elasticity properties as shown in
Figure 97b. We hypothesize that the greater the neutral part, the more likely the PEC would have
weaker tensile strength and better elasticity and vice versa.

Figure 96. The chemical structures of the proposed co-polymers of (a) poly(3-sulfopropyl
methacrylate potassium-b/r-2-hydroxyethyl methacrylate) (P(SPMA-b/r-HEMA)) and (b) poly([2(methacryloyloxy)ethyl]trimethylammonium iodide-b/r-2-hydroxyethyl methacrylate) (P(TMAEMAb/r-HEMA)).

Figure 97. The chemical structures of the proposed copolymers of (a) poly(3-sulfopropyl
methacrylate potassium-b/r-2-hydroxyethyl methacrylate) (P(SPMA-b/r-HEMA)) and poly([2(methacryloyloxy)ethyl]trimethylammonium iodide-b/r-2-hydroxyethyl methacrylate) (P(TMAEMAb/r-HEMA)). The hypothesized (b) tensile strength plot and (c) elasticity plot as a function of the
ratio between charged/neutral monomer in the copolymeric coacervates systems.
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Future work could focus on synthesis and characterization of the possible chemical structures
including but not limited by the proposed RCP and BCP, the phase behavior, and the rheological
properties of the subsequent coacervates, as well as the resulting mechanical characterization and
analysis of the coacervate-processed fibers and films.
10.1.3 Rheological Characterization of Electrospinnable Complex Coacervates
While we have spent an extensive amount of effort correlating coacervate spinnability with their
rheological properties, i.e., the viscosity, relaxation spectrum, relaxation modulus. Future work
could systematically investigate other associative coacervate properties, such as the activation
energy between the electrostatic interactions, also known as the friction between polyelectrolytes.
While there are different theories on the formation of coacervates in terms of polymer patterning, it
might also be interesting to incorporate the simulation and theory methods to predict coacervate
processability as a function of polymer N, chemistry and physical structure, hydrophobicity, the
identity of charge, etc.
Moreover, concerning the electrospinning process being a mechanically non-equilibrium
process where the fiber jets are whipped and bent intensely in an electric field, we suggest that the
extensional rheological properties of coacervates be looked into. We have only examined the
coacervates using a parallel plate setup in a rheometer with small amplitude oscillatory shear
methods where the internal structure of the coacervates sample was preserved during the
experiment. It would be interesting to see the dynamic mechanical properties of coacervates under
conditions similar to electrospinning, i.e., elongational or dilational deformation and water removal.
10.1.4 Alternate Methods to Study the Role of Electrostatic Interactions in Electrospinning
Coacervates
Inspired by a study on the mechanical properties of an ultra-thin polystyrene film
whose thickness is below the entanglement mesh size, I propose that we can eliminate the
effect of entanglements by using a micro-nozzle which is smaller than the size of the
entanglement mesh size of the polymer. In trying this, we can suppress the effect of
entanglements by rupturing the entanglement structure. We hypothesize that we could have
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successful fiber mat formation and that the fiber diameter would be more uniform due to a
simplified polymeric interaction mechanism.

152

CHAPTER 11
SCIENTIFIC CONTRIBUTION
The work in this thesis has culminated in various publications, which are listed in this section.
Additionally, dissemination of this work has taken place through various conference presentations
and on-campus presentations within different organizations.
Publications
1. Meng, X.; Perry, S.L.; and Schiffman J.D. Complex Coacervation: Chemically Stable Fibers
Electrospun from Aqueous Polyelectrolyte Solutions ACS Macro Letters, 2017, 6, 505-511.
(DOI)
2. Meng, X.; Perry, S.L.; and Schiffman J.D. Electrospinning Cargo-Containing Polyelectrolyte
Complex Fibers: Correlating Molecular Interactions to Complex Coacervate Phase Behavior
and Fiber Formation Macromolecules, 2018, 51 (21), 8821–8832. (DOI)
3. Meng, X.; Du, Y.; Liu, Y.; Coughlin, E.B.; Perry, S.L.; and Schiffman J.D. Electrospinning
Coacervates – No Chain Entanglements Required. In preparation.
4. Meng, X.; Du, Y.; Liu, Y.; Coughlin, E.B.; Perry, S.L.; and Schiffman J.D. Extended Relaxation
Time by Sticky Points in Coacervates to Enable No Entanglement Electrospinning. In
preparation.
5. Meng, X.; Perry, S.L.; and Schiffman J.D. Uptake/Release from Coacervate-Based SpinCoated Polyelectrolyte Complex Films. In preparation.
6. Liu, Y.; Blocher-McTigue, W.; Chang, L.; Sun, J.; Meng, X.; Schiffman, J.D.; and Perry, S.L.
Effect of Salt on Rheological Behaviors of Complex Coacervation. In preparation.
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S.A. A Programmable Chemical Switch based on Triggerable Michael Acceptors Chemical
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Appendix A: MATLAB Scripts Used in CHAPTER 6
MATLAB Script 1: Main.mat
close all;
clearvars;
clc;
sheet_name={'BBG', 'FG'};
conc_range_y= {'B12:B170', 'E12:E170', 'H12:H170', 'K12:K170'};
conc_range_stdev={'C12:C170', 'F12:F170', 'I12:I170', 'L12:L170'};
% Range of data from BBG and FG
disp('[1] BBG');
disp('[2] FG');
sheet_name_in = input('Please enter 1 for BBG or enter 2 for FG: ');
disp(' ');
disp(' ');
disp('[1] 0.100 mg/mL, 0.12 mM');
disp('[2] 0.075 mg/mL, 0.09 mM'');
disp('[3] 0.050 mg/mL, 0.06 mM'');
disp('[4] 0.025 mg/mL, 0.03 mM'');
conc_in=input('Please choose concentration: ');
%% Reading experimental data
exp_time =xlsread('Data.xlsx',sheet_name{sheet_name_in},'A12:A170');
exp_C_out=xlsread('Data.xlsx',sheet_name{sheet_name_in},conc_range_y{conc_in});
stdev_C_out=xlsread('Data.xlsx',sheet_name{sheet_name_in},conc_range_stdev{conc_in});
exp_C_out=exp_C_out./exp_C_out(1); %normalizing experimental data wrt C_0
stdev_C_out=stdev_C_out./exp_C_out(1); %normalizing stdev data wrt C_0
var_C_out=stdev_C_out.^2;
end_time=14.5; % in hours
grid_r=64;
guess_D=0.001; %0.001*0.798086667E-12*31060;
guess_K=1.5; %partitioning
R=1; %in meters 0.796086667E-6
length_of_fiber=1.5E5/0.798086667E-6; %in meters, 1.5E5 m
Vol_of_the_solution=3E-7/((0.798086667E-6)^3); %in m3, total Vfiber=0.3 mL
figid = figure('Position', [50 50 1000 450]);
set(figid,'Color','white');
ax1=subplot(1,2,1);
ax2=subplot(1,2,2);
options=optimoptions('fmincon');
options=optimoptions(options,'Algorithm','interior-point','FiniteDifferenceType','central');
options=optimoptions(options,'MaxFunctionEvaluations',1E6,'MaxIterations',1E6,...
'PlotFcn',@optimplotfval,'Display','iter','SpecifyConstraintGradient',false);
[new_D, Err]= fmincon(@(D_and_K)cost_function(D_and_K,R,length_of_fiber,Vol_of_the_solution,...
end_time,grid_r,exp_time,exp_C_out,stdev_C_out,var_C_out,ax1,ax2),...
[guess_D, guess_K],...
[],[],[],[],[1e-50, 1e-50],[1.0, 600],[],...
options);
%% This part calculates the sampling distribution of estimators of D/R^2 and K.
Calc_C_out = driver_RK(new_D(1), new_D(2), R, length_of_fiber, ...
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Vol_of_the_solution, end_time, grid_r, exp_time);
c1 = driver_RK(1.0001*new_D(1), new_D(2), R, length_of_fiber, ...
Vol_of_the_solution, end_time, grid_r, exp_time);
c2 = driver_RK(0.9999*new_D(1), new_D(2), R, length_of_fiber, ...
Vol_of_the_solution, end_time, grid_r, exp_time);
c3 = driver_RK(new_D(1), 1.0001*new_D(2), R, length_of_fiber, ...
Vol_of_the_solution, end_time, grid_r, exp_time);
c4 = driver_RK(new_D(1), 0.9999*new_D(2), R, length_of_fiber, ...
Vol_of_the_solution, end_time, grid_r, exp_time);
SSE=sum((Calc_C_out-exp_C_out).^2);
[n, ~]=size(exp_C_out);
MSE=SSE/(n-2);
var_cov_mat=[(c1-c2)./(1.0001*new_D(1)-0.9999*new_D(1)), ...
(c3-c4)./(1.0001*new_D(2)-0.9999*new_D(2))];
s2 = transpose(var_cov_mat)*var_cov_mat;
s2 = inv(s2);
s2 = s2.*MSE;
stdev_D = sqrt(s2(1,1));
stdev_K = sqrt(s2(2,2));
%%
disp(['D/R^2: ',num2str(new_D(1))]);
disp(['st. dev. in D/R^2 ',num2str(stdev_D)]);
disp(' ');
disp(['K: ',num2str(new_D(2))]);
disp(['st. dev. in K ',num2str(stdev_K)]);
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MATLAB Script 2: Plot.mat
close all;
clearvars;
clc;
%% Reading experimental data
% BBG
exp_time1 =xlsread('Data.xlsx','BBG plot','A12:A170');
exp_C_out1=xlsread('Data.xlsx','BBG plot','B12:E170');
exp_C_err1=xlsread('Data.xlsx','BBG plot','G12:E170');
% OR switch to FG
% exp_time1 =xlsread('Data.xlsx','FG plot','A12:A170');
% exp_C_out1=xlsread('Data.xlsx','FG plot','B12:E170');
% exp_C_err1=xlsread('Data.xlsx','FG plot','G12:J170');
%% Reading fitting parameters K & D, and the boundaries for K & D
D_K=xlsread('Fitting Parameters.xlsx','KandD','D10:K17');
end_time=13.5; % in hours
grid_r=64;
R=1; %in meters, 0.798086667E-6 m
length_of_fiber=1.5E5/0.798086667E-6; %in meters 1.5E5
Vol_of_the_solution=3E-7/((0.798086667E-6)^3); %in m3, Vfiber= 0.3 mL
store_C=cell(1,4);
store_t=cell(1,4);
store_material_in=cell(1,4);
%% BBG - D and K
Found_Diff=D_K(1:4,1);
Found_K=D_K(1:4,3);
%% FG - D and K
% Found_Diff=D_K(5:8,1);
% Found_K=D_K(5:8,3);
%% Calculating C using model for average
model_average=cell(1,4);
model_time=cell(1,4);
for ki=1:4
D=Found_Diff(ki); %This is actually D/R^2;
partition=Found_K(ki);
model_average{ki} = driver_RK(D, partition, R, length_of_fiber,...
Vol_of_the_solution, end_time, grid_r, exp_time1');
model_time{ki}=exp_time1;
end
%% BBG lower boundary - D and K
Found_Diff=D_K(1:4,5);
Found_K=D_K(1:4,6);
%% FG lower boundary - D and K
% Found_Diff=D_K(5:8,5);
% Found_K=D_K(5:8,6);
%% Calculating C lower using model
model_lower=cell(1,4);
for ki=1:4
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D=Found_Diff(ki); %This is actually D/R^2;
partition=Found_K(ki);
model_lower{ki} = driver_RK(D, partition, R, length_of_fiber,...
Vol_of_the_solution, end_time, grid_r, exp_time1');
model_time{ki}=exp_time1;
end
%% BBG lower boundary - D and K
Found_Diff=D_K(1:4,7);
Found_K=D_K(1:4,8);
%% FG lower boundary - D and K
% Found_Diff=D_K(5:8,7);
% Found_K=D_K(5:8,8);
%% Calculating C upper using model
model_upper = cell(1,4);
for ki=1:4
D=Found_Diff(ki); %This is actually D/R^2;
partition=Found_K(ki);
model_upper{ki} = driver_RK(D, partition, R, length_of_fiber,...
Vol_of_the_solution, end_time, grid_r, exp_time1');
model_time{ki}=exp_time1;
end
%% Plotting
close all;
FGcol=[0.1 0.3 0.5 0.7];
BBGcol=[0.1 0.3 0.5 0.7];
figid = figure('Position', [0 0 900 900]);
hold on;
set(figid,'Color','white');
Initial=[0.1 0.075 0.05 0.025];
hold on;
for i = 1:4
hold on;
errorbar(exp_time1,exp_C_out1(:,i),exp_C_err1(:,i),'Color',[0,FGcol(i),0],'CapSize',0,'LineWidth',2);
% errorbar(exp_time1,exp_C_out1(:,i),exp_C_err1(:,i),'Color',[0,BBGcol(i),1,],
'CapSize',0,'LineWidth',2);
plot(model_time{i},Initial(i)*model_average{i},'LineWidth',1.0,'Color','k'); % plot the average model C
plot(model_time{i},Initial(i)*model_upper{i},'LineWidth',1.0,'Color','k'); % plot the upper model C
plot(model_time{i},Initial(i)*model_lower{i},'LineWidth',1.0,'Color','k'); % plot the lower model C
model_eror_range=[Initial(i)*model_lower{i}, fliplr(Initial(i)*model_upper{i})];
model_time_range=[transpose(model_time{i}), fliplr(transpose(model_time{i}))];
fill_handle=fill(model_time_range,model_eror_range,[0.3 0.3 0.3]); % fill area defined by x, and model
boundary in color gray
set(fill_handle,'facealpha',.3) % This sets the opacity of the fill
end
set(gca,'YTick', 0:0.025:0.100);
set(gca,'XTick', 0:1:end_time+0.5);
set(gca,'Xlim',[0,end_time])
set(gca,'FontName','Arial','FontSize',30,'linewidth',3);
xlabel('Time (hr)');
ylabel('Dye Concentration in Solution (mg/mL)');
box on;
hold off;
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MATLAB Script 3: derivatives.mat
function [deriv, double_deriv] = derivatives(C, j, h, end_r, C_out)
%UNTITLED2 Summary of this function goes here
% Detailed explanation goes here
if j==1
dC_dr=(-C(j+2)+8*C(j+1)-8*C(j+1)+C(j+2))/(12*h);
d2C_dr2=(-C(j+2)+16*C(j+1)-30*C(j)+16*C(j+1)-C(j+2))/(12*h^2);
elseif j==2
dC_dr=(-C(j+2)+8*C(j+1)-8*C(j-1)+C(j))/(12*h);
d2C_dr2=(-C(j+2)+16*C(j+1)-30*C(j)+16*C(j-1)-C(j))/(12*h^2);
elseif j==end_r-1
dC_dr=(-C_out+8*C(j+1)-8*C(j-1)+C(j-2))/(12*h);
d2C_dr2=(-C_out+16*C(j+1)-30*C(j)+16*C(j-1)-C(j-2))/(12*h^2);
elseif j==end_r
dC_dr=(-C_out+8*C_out-8*C(j-1)+C(j-2))/(12*h);
d2C_dr2=(-C_out+16*C_out-30*C(j)+16*C(j-1)-C(j-2))/(12*h^2);
else
dC_dr=(-C(j+2)+8*C(j+1)-8*C(j-1)+C(j-2))/(12*h);
d2C_dr2=(-C(j+2)+16*C(j+1)-30*C(j)+16*C(j-1)-C(j-2))/(12*h^2);
end
deriv=dC_dr;
double_deriv=d2C_dr2;
end
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MATLAB Script 4: cost_function.mat
function Error = cost_function(D_and_K,R,length_of_fiber,Vol_of_the_solution,...
end_time,grid_r,exp_time,exp_C_out,stdev_C_out,var_C_out,ax1,ax2)
D=D_and_K(1);
partition=D_and_K(2);
r=0:1/grid_r:1;
h=1/grid_r;
del_t=1E-5/D;
if del_t > 0.1
del_t=0.1;
end
t=0:del_t:end_time;
C_out=ones(1,ceil(end_time/del_t));
material_in=zeros(1,ceil(end_time/del_t));
C=zeros(1,grid_r+1);
k1=zeros(1,grid_r+1);
k2=zeros(1,grid_r+1);
k3=zeros(1,grid_r+1);
k4=zeros(1,grid_r+1);
k1_temp=zeros(1,grid_r+1);
k2_temp=zeros(1,grid_r+1);
k3_temp=zeros(1,grid_r+1);
C_new=zeros(1,grid_r+1);
[~,end_r]=size(r);
for j=1:end_r
C(j)=partition/(1+exp(-1E4*(r(j)-1)));
end
%%%%%% Reimann Integral %%%%%%
S=0;
for j=1:end_r-1
S=S+0.5*(C(j)+C(j+1))*(r(j+1)^2-r(j)^2)*pi;
end
material_in(1)=S*length_of_fiber;
for i=1:floor(end_time/del_t)
%%%%%% Forward Euler %%%%%%
% for j=1:end_r
%
[dC_dr, d2C_dr2]=derivatives(C, j, h, end_r, C_out(i));
%
C_new(j)=C(j)+del_t*(-D/(R^2))*(1/r(j))*(dC_dr+r(j)*d2C_dr2);
% end
%%%%%% 4th Order RK %%%%%%
for j=2:end_r
[dC_dr, d2C_dr2]=derivatives(C, j, h, end_r, partition*C_out(i));
k1(j)=(D/(R^2))*(1/r(j))*(dC_dr+r(j)*d2C_dr2);
k1_temp(j)=C(j)+0.5*del_t*k1(j);
end
k1_temp(1)=k1_temp(2);
for j=2:end_r
[dC_dr, d2C_dr2]=derivatives(k1_temp, j, h, end_r, partition*C_out(i));
k2(j)=(D/(R^2))*(1/r(j))*(dC_dr+r(j)*d2C_dr2);
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k2_temp(j)=C(j)+0.5*del_t*k2(j);
end
k2_temp(1)=k2_temp(2);
for j=2:end_r
[dC_dr, d2C_dr2]=derivatives(k2_temp, j, h, end_r, partition*C_out(i));
k3(j)=(D/(R^2))*(1/r(j))*(dC_dr+r(j)*d2C_dr2);
k3_temp(j)=C(j)+del_t*k3(j);
end
k3_temp(1)=k3_temp(2);
for j=2:end_r
[dC_dr, d2C_dr2]=derivatives(k3_temp, j, h, end_r, partition*C_out(i));
k4(j)=(D/(R^2))*(1/r(j))*(dC_dr+r(j)*d2C_dr2);
C_new(j)=C(j)+(del_t/6)*(k1(j)+2*k2(j)+2*k3(j)+k4(j));
end
%%%%%% Reimann Integral %%%%%%
S=0;
for j=1:end_r-1
S=S+0.5*(C(j)+C(j+1))*(r(j+1)^2-r(j)^2)*pi;
end
material_in(i+1)=S*length_of_fiber;
C_out(i+1)=(C_out(i)*Vol_of_the_solution-(material_in(i+1)-material_in(i)))/Vol_of_the_solution;
C_new(1)=C_new(2);
C=C_new;
end
fsize=18;
plot(ax1,r,C,'LineWidth',2.0);
set(ax1,'Ylim',[-0.1*partition,1.1*partition]);
set(ax1,'FontName','Times','FontSize',fsize,'linewidth',2.0);
xlabel(ax1,'$r/R$','Interpreter','latex');
ylabel(ax1,'$C_{fib}/C_0$','Interpreter','latex');
text(ax1,0.05,0.9,...
sprintf(['$D/R^2$: ',num2str(d),' hr$^{-1}$, \nPartitioning Coeff (k): ',num2str(partition)]),...
'FontSize',fsize,'HorizontalAlignment','left','Units','normalized',...
'Interpreter','latex');
plot(ax2,t,C_out,exp_time,exp_C_out,'LineWidth',2.0);
set(ax2,'Ylim',[-0.1,1.1]);
set(ax2,'FontName','Times','FontSize',fsize,'linewidth',2.0);
xlabel(ax2,'$t$','Interpreter','latex');
ylabel(ax2,'$C_{sol}/C_0$','Interpreter','latex');
legend(ax2,{'Model','Experimental Data'},...
'Location','southwest','box','off','FontName','Times','FontSize',fsize);
drawnow;
Calc_C_out=interp1(t,C_out,exp_time);
err=0.001*(Calc_C_out-exp_C_out);
Error=err.^2;
inv_var_C_out=var_C_out.^(-1);
Error=dot(inv_var_C_out(2:end),Error(2:end));
end

MATLAB Script 5: RK_driver.mat
function Calc_C_out = driver_RK(D, partition, R, length_of_fiber,...
Vol_of_the_solution, end_time, grid_r, exp_time)
%UNTITLED Summary of this function goes here
% Detailed explanation goes here
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r=0:1/grid_r:1;
h=1/grid_r;
del_t=1E-5/D;
if del_t > 0.1
del_t=0.1;
end
t=0:del_t:end_time;
C_out=ones(1,length(t));
material_in=zeros(1,length(t));
C=zeros(1,grid_r+1);
k1=zeros(1,grid_r+1);
k2=zeros(1,grid_r+1);
k3=zeros(1,grid_r+1);
k4=zeros(1,grid_r+1);
k1_temp=zeros(1,grid_r+1);
k2_temp=zeros(1,grid_r+1);
k3_temp=zeros(1,grid_r+1);
C_new=zeros(1,grid_r+1);
[~,end_r]=size(r);
for j=1:end_r
C(j)=partition/(1+exp(-1E4*(r(j)-1)));
end
%%%%%% Reimann Integral %%%%%%
S=0;
for j=1:end_r-1
S=S+0.5*(C(j)+C(j+1))*(r(j+1)^2-r(j)^2)*pi;
end
material_in(1)=S*length_of_fiber;
for i=1:floor(end_time/del_t)
%%%%%% Forward Euler %%%%%%
% for j=1:end_r
%
[dC_dr, d2C_dr2]=derivatives(C, j, h, end_r, C_out(i));
%
C_new(j)=C(j)+del_t*(-D/(R^2))*(1/r(j))*(dC_dr+r(j)*d2C_dr2);
% end
%%%%%% 4th Order RK %%%%%%
for j=2:end_r
[dC_dr, d2C_dr2]=derivatives(C, j, h, end_r, partition*C_out(i));
k1(j)=(D/(R^2))*(1/r(j))*(dC_dr+r(j)*d2C_dr2);
k1_temp(j)=C(j)+0.5*del_t*k1(j);
end
k1_temp(1)=k1_temp(2);
for j=2:end_r
[dC_dr, d2C_dr2]=derivatives(k1_temp, j, h, end_r, partition*C_out(i));
k2(j)=(D/(R^2))*(1/r(j))*(dC_dr+r(j)*d2C_dr2);
k2_temp(j)=C(j)+0.5*del_t*k2(j);
end
k2_temp(1)=k2_temp(2);
for j=2:end_r
[dC_dr, d2C_dr2]=derivatives(k2_temp, j, h, end_r, partition*C_out(i));
k3(j)=(D/(R^2))*(1/r(j))*(dC_dr+r(j)*d2C_dr2);
k3_temp(j)=C(j)+del_t*k3(j);
end
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k3_temp(1)=k3_temp(2);
for j=2:end_r
[dC_dr, d2C_dr2]=derivatives(k3_temp, j, h, end_r, partition*C_out(i));
k4(j)=(D/(R^2))*(1/r(j))*(dC_dr+r(j)*d2C_dr2);
C_new(j)=C(j)+(del_t/6)*(k1(j)+2*k2(j)+2*k3(j)+k4(j));
end
%%%%%% Reimann Integral %%%%%%
S=0;
for j=1:end_r-1
S=S+0.5*(C(j)+C(j+1))*(r(j+1)^2-r(j)^2)*pi;
end
material_in(i+1)=S*length_of_fiber;
C_out(i+1)=(C_out(i)*Vol_of_the_solution-(material_in(i+1)-material_in(i)))/Vol_of_the_solution;
C_new(1)=C_new(2);
C=C_new;
end
Calc_C_out=interp1(t,C_out,exp_time);
end
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Appendix B: The Percentage Contribution to Viscosity for Each Mode
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